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SUMMARY
Studies have been made of the extraction from aqueous soluti-onurf_ 
nitric and hydrofluoric acids, alone and in the presence of each other and, 
where relevant of hydrochloric acid, into di-(2-ethyl hexyl)phosphate, 
tri~n-butyl phosphate and tri-n-octylamine• Also, similar studies have 
been made of the extraction of uranium in the presence of hydrofluoric and 
nitric acids into the same acidic, neutral and basic organic solvents.
In all cases, the practical work has taken the form of equilibrium experi­
ments made under carefully controlled conditions and analysis of the 
resulting aqueous and organic phases. The organic solvents have been 
used either alone or as solutions in various inert diluents such as 
kerosene, benzene or xylene and the aqueous solutions have covered a very 
wide range of concentrations.
From the results of these experiments, deductions have been made 
regarding the mechanisms of the extraction processes and the nature of the 
species taken up into the organic media. Equilibrium constants are given 
and, where sufficient data is available, stability constants have been 
calculated.
The extraction of the mineral acids into di-(2-ethyl hexyl)phosphate
and tributyl phosphate is found to be similar. With dilute aquwous
solutions, one mole of acid is taken up per mole of extractant and the acid is
probably hydrogen bonded to the phosphoryl oxygen. At higher aqueous 
concentrations, more acid is extracted and possible explanations of this 
are offered. With tri-octylamine, the acids are extracted as the amine 
salts or but again more acid than expected is taken up
from concentrated aqueous solutions.
Uranium is extracted into tributyl phosphate in the presence of 
nitric or hydrochloric acids but not at all in the presence of hydrofluoric 
acid and possible explanations are offered for this. With di-(2-ethyl 
hexyl)phosphate and tri-n-octylamine uranium is extracted in the presence
of all acids and it would appear from the results that this is a simple
2+ +
ion exchange process, UC^ exchanging with H in the former case and
UOgF^ exchanging with the anion in the latter case. ■
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HISTORICAL INTRODUCTION
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In recent years liquid-liquid extraction has been used for a 
variety of studies and practical applications. In particular, solvent j
extraction methods for the recovery of the fission products from spent 
nuclear fuels and, more recently, in the preparation of pure uranium have 
assumed increasing importance. The techniques involved are relatively 
simple and have a wide range of applicability to both large and tracer '
quantities; often cleaner separations can be obtained than with precipita­
tion methods.
|
In the processing of uranium-bearing ores, after leaching with nitric i
or sulphuric acid, the uranium is separated using an organic extractant 
diluted with an inert diluent such as kerosene or hexane. The extractants 
in general use are long chain alkyl esters of phosphoric acid such as j
tri-n-butyl phosphate and long chain aliphatic amines such as tri-n-octylamiiBn^
Liquid-liquid extraction is also used extensively in the separation 
of uranium, neptunium and plutonium from each other and from accompanying 
fission product elements during the processing of spent nuclear fuels#
Usually the separation is achieved by extraction from aqueous nitrate solu­
tions using diethyl ether, methy1-isobutyl ketone (hexone) or tri-n-butyl 
phosphate. Diethyl ether is not suitable for large scale work, but hexone j
and tributyl phosphate are used widely industrially.
Other problems for which liquid-liquid extractions have been employed 
successfully are the separation of the lanthanide elements and the separation
of some individual actinide elements. In research work, the technique 
has proved useful in many ways and particularly in the study of soluble 
metallic complexes while, in analytical chemistry, it has proved to be 
superior for a large number of separations.
The solubility of uranyl nitrate in organic solvents was first re­
ported in 1842 by Peligot [ 47] who found that uranyl nitrate dihydrate 
dissolved readily in diethyl ether. However, little further work was done 
on this phenomenon for the next century but, as a result of the recent 
importance of uranium, quite a large amount of quantitative work on the 
solvent extraction of uranium has been published during the last fifteen 
years. Various aspects have been investigated in detail.
Thus, Warner \ 481 studied the solubility of uranyl nitrate in a 
large number of organic solvents and Fletcher [ 511 has provided data on the 
partition of uranyl nitrate between water and various organic solvents.
Katzin and Sullivan [49! studied the extraction of uranyl nitrate from 
aqueous solutions by alcohols, ethers and ketones, and found that usually 
four molecules of water accompanied each atom of uranium into the organic 
extractant. They assumed that in the system there was competition between 
¥/ater and solvent molecules for places in the co-ordination sphere of the 
uranyl nitrate and found that the ability of solvents to displace water 
from the co-ordination sphere increased in the order ketones ^ethers 
/  alcohols. They found also that, in a given homologous series of organic 
solvents, the solubility of uranyl nitrate decreased with increasing mole­
cular weight of the organic compound. G-enerally, solvents of low molecular 
weight with sterically unhindered oxygen atoms were the most favourable
solvents but it was found that other organic compounds with high solvent 
properties for uranyl nitrate were secondary and tertiary amines and certain 
ethers of poly-hydroxy alcohols such as the dibutyl ether of ethylene 
glycol#
Katzin, Simon and Ferraro [ 50] related the heats of solution, and 
therefore presumably the degree of interaction, of uranyl nitrate hydrates 
in various organic solvents with the basic strength (electron donating 
power) of the solvents. They found evidence that the uranyl group always 
has six molecules of solvent attached to it but the exact composition of 
this co-ordination sphere depended on the relative basicities of water and 
organic solvent.
Feder, Ross and Vogel [52] have studied the stability of molecular 
addition products of uranyl nitrate and various organic compounds in inert 
solvents such as benzene and 1-2 diehloroethane. They found that the 
qualitative order of electron donor ability of the organic compounds to 
uranyl nitrate is the same as with respect to hydrogen bonding. Correla­
tion of the variation in stability of the addition compounds with basicity 
of the organic ligand agrees with the results of Katzin®
Most of the organic solvents show the phenomenon of salting out. In 
the absence of a high concentration of nitrate ion, uranium is not extracted 
by these solvents. If the concentration of uranyl nitrate is sufficiently 
•high, the compound acts as its own salting out agent but for dilute aqueous
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solutions, addition of a foreign metal nitrate or nitric acid is required
for extraction of the uranium*
Furman and co-workers [53] studied the effectiveness of various metal
nitrates as salting out agents, and have shown that the order of efficiency 
3+ 2+ +is, in general, M > M y M . It appears that the salting out effect 
is due to the abstraction of water by the salting out agent for its own 
hydration, thus reducing the ’free* water concentration available for 
hydration of the uranyl ion®
McKay and co-workers [54] have studied the solvent partition of 
uranium and the salting out effect from a thermodynamic point of view. In 
agreement with Katzin and Sullivan [ 49] they found that uranyl nitrate ex­
tracted into esters, ethers and ketones is accompanied by four molecules of 
water of hydration and conductivity and viscosity measurements on the 
organic solutions suggested that the uranyl nitrate is unionized. They found 
that, the higher the activity coefficient of the metal nitrate in aqieous 
solution, the greater its salting out power.
However, in later v/ork McKay [113"! has suggested that the hydration 
number of four for uranyl nitrate in organic solvents found previously was 
not evidence of the existence of a distinct hydrate since, under different 
conditions, a range of values betv/een 0.88 and 6.4 was obtained.
Kaplan Hildebrandt and Alder [55] found that the extraction of uranyl 
nitrate into various ketones was greatly enhanced by the addition of 
quaternary ammonium nitrates to the solution. From concentration
effects and spectro-photometric studies it was concluded that a trinitrato 
anionic species exists in the organic phase.
Confirmation of the existence of this trinitrato uranyl ion, 
[U0o(N0,),]‘ , in ketones and alcohols was provided by other workers [44]
*D J
using conductivity methods. The order of various solvents with respect to 
the stability of the trinitrato uranyl complex is ketone /*■ ether/ alcohol 
y  water.
The solvates formed by uranyl nitrate with these solvents show 
increasing stability in the reverse order, i.e. water )> alcoholether 
y  ketone. This suggests competition between nitrate and solvent mole­
cules for positions in the co-ordination sphere of the uranyl ion*
In addition to the solvents discussed above (ketones, esters, alco­
hols, ethers) there are two other important groups of more complex organic 
compounds which sho?7 a high extractant power for uranium, namely, organo­
phosphorus compounds and long chain aliphatic amines.
The organo-phosphorus compounds may be classified as alkyl and aryl 
substituted phosphates, phosphonates, phosphinates, and phosphine oxides... 
These may be divided further into acidic compounds, containing an unesteri- 
fied hydroxyl group, and neutral compounds. The extraction behaviour is 
very different in the two classes*,
Of the neutral compounds most work has been done on a tri-n-butyl 
phosphate (TBP) which yjas first used as a solvent for the extraction of 
organic acids from aqueous solution [72#73]« The extraction of the 
lanthanides from nitric acid solution into TBP dissolved in kerosene has 
been studied by Alcock and co-workers [2], Hesford et al, [3], and Peppard 
et al. [74], all of whom agree that a trisolvate M(N0 ) (TBP) is formed*
The extraction of thorium from nitric acid solution has been studied by 
Peppard using both pure TBP [ 12], and a solution in benzene [ 70] • A system 
also studied by Hesford [5], Geroke [75] and Gx-esky [76]. Peppard postu­
lated a solvate Th(NO^)^*(TBP)^ as did Gresky, while Gercke found a tri­
solvate and Hesford a disolvate* However, these workers used a wide variety 
of aqueous acidities and extractant concentrations*
Egorov [77], Pepp/ard [70], Alcock [4] and Levitt [78] have published 
work on the extraction of zirconium from nitric acid solution by TBP* In 
this system Peppard suggests a solvate Zr(NG )^(TBP)^ while. Alcock and Levitt 
both find evidence for a disolvate* Plutonium(lV) has been shown to form
a disolvate Pu (N0^)^(TBP)2 under similar conditions by Best [6] and this
system has been studied also by Healy [79]* — - - -..
Hesford et al* [ 80] made a detailed study of the extraction of metal 
nitrates, at trace concentrations, into TBP and found evidence for solvates 
of the type M(N0_),(TBP),; M(N0_). (TBP)_ and M0o(N0_)o(TBP)o. Ferraro [81]
made a study of the infra red absorption spectra of various metal nitrates 
in TBP and compared the spectra with those of the corresponding hydrates0 
Other studies of the extraction of the actinide elements, usually from 
nitric acid solution, have been made by Peppard [12], Alcock [8], Goble [57], 
Best [ 82] and Healy [ 79] *
Studies on the extraction of uranium(Vl) into TBP from aqueous solu­
tions have been made by numerous workers*
Healy et al. [79] studied the extraction from nitrate solutions and
found strong evidence that uranyl nitrate forms a complex with two molecules
of TBP to give the disolvate UO^NO^^CTBP^* a saturated solution of 
uranyl nitrate in TBP corresponds approximately to this composition and such 
a solution was found to have a sharp melting point at -6°C. The 1 : 2 
uranium : TBP ratio appears also from a consideration of the results of 
uranium extraction with varying concentrations of TBP in an inert diluent* 
Healy showed also that 1 mole of uranyl nitrate displaces two moles of ¥/ater 
from the organic phase. It has been suggested [1] that TBP forms a hydrate 
tbp(h2o) so this also supports the postulate of a uranyl nitrate disolvate.
Hesford [ 80] > during a series of experiments on the extraction of 
metal nitrates bjr TBP, also found evidence for the disolvate and similar 
conclusions were reached by Alcock [ 3] and Healy [ 7]. Fleming and Lynton 
[11] prepared a solid complex of uranyl nitrate and an analogue of TBP - 
triethyl phosphate, which corresponded to the formula U02(N0^ )2 (triethyl- 
phosphate)2* On the basis of x-ray studies of this compound they proposed
a structure involving bidentate nitrate groups*
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Other studies on the extraction of uranyl nitrate by TBP have been 
made by Sato [ 33?b3984-*85]. Polish workers [86] found that in solutions 
of uranyl nitrate in TBP, the uranyl nitrate was unhydrated, and on the 
basis of conductivity and viscosity measurements, they shxwed that it was
essentially unionized, and agreed with Healy [79] on the existence of a 
di solvate.
However, other Polish workers [44] have studied solutions of uranyl 
nitrate and TBP spectrophotometrically and found no evidence for the 
existence of askable TBP-UOgCNO^),, complex*
Solovkin [ 87] and co-v/orkers found that when high concentrations of 
uranyl nitrate are dissolved in TBP in an inert diluent, the solution 
slowly separates into two phases. By analysis they found that the composi­
tion of one phase corresponded to If UOgCNO^)^](TBP)^ while the other phase 
was a mixture of TBP and diluent containing no uranium*
Fomin et al, [88] studied uranyl nitrate extraction into TBP but 
were unable to show evidence for a disolvate,
Peppard [ 12] and co-workers have studied the extraction of uranium 
from chloride solutions at varying concentrations of hydrochloric acid in 
the aqueous phase. Irving [ 65] repeated this work and found that, in 
contrast to the behaviour of uranyl nitrate [ 79] quite large quantities 
of water ?\rere co-extracted into the TBP phase causing large volume changes* 
Vdorehko et al, [90] found evidence to suggest that the species 
HU02C1,].(TBF)2 was present in TBP solutions of uranyl chloride and hydro-
xQCtcl
chloric,^ They found evidence for a disolvate UO^Cl^TBP^ which was found 
also by Shevchenko et al, [ 91] using, as extractant, TBP in an inert diluent, 
ICertes [36] used physical methods to study solutions of uranyl chloride 
and hydrochloric acid in TBP and suggested that, at low acidities in the
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equilibrium aqueous phase, the formation of ion-pairs H[ UO^Cl^] controlled 
the extraction mechanism, while, at high acidities in the aqueous phase, 
competition between a UOgCl^TBP^ disolvate and a solvate of hydrochloric 
acid, suggested to be HCl.TBP^^O)^, was the controlling factor. He con­
cluded that the uranium species in the organic phase was a disolvate at all 
acidities and that changes in the extraction behaviour with increasing acid 
concentration Yfere due to competition between the uranyl chloride and free 
hydrochloric acid for the available TBP. In the system using TBP dissolved 
in kerosene he found that at a certain acidity a new phase separated out 
from the organic solutions.
Hesford and McKay [89] investigated the extraction of uranium by TBP 
from perchlorate solutions and using'conductimetrie methods they showed 
that uranium perchlorate was appreciably ionized in the TBP phase. They 
also presented evidence for a disolvate UO^CCIO^^CTBP)^ and suggested the 
existence of higher solvates.
Studies involving the use of other neutral phosphates (RO)^PO 
[ 1913-17* 20], phosphorates (RO^Bi-PO [ 20,92-94-], phosphinates (RC^R’^ -PO 
[20,24,25] and phosphine oxides R*^-P0 [ 13$14,18,20,95*104] have been made. 
In general, the mechanism of extraction of U(Vl) from aqueous nitrate 
solutions into these solvents appears tc be similar to that of the TBP 
extraction. Other factors being equal, it seems that extraction of U(Vl) 
from an aqueous nitrate phase increases as the number of P-O-C bonds in the 
extractant molecule decreases. Values of the partition coefficient are
highest for R^.PQ and lowest for (RO)^.PO.
Studies on the extraction behaviour of acidic esters of phosphorus 
acids have also been made [18-21]. Those of prime interest are the di-esters 
of orthophosphoric acid (RO^PO-COH) such as di-(2-ethyl-hexyl)phosphate 
(HDEHP) and dibutyl phosphate (’HDBP); mono esters of orthophosphoric acid 
(R0)P0-(0H)2 and mono esters of various phosphonic acids (R0)(R!)-PO-(OH) 
and phosphinic acids R^PO-OH. In general, it has been found that the 
monobasic esters are dimeric in hydrocarbon diluents while the dibasic 
esters are polymeric [ 20].
The extraction of uranium(Vl) from aqueous solution by dibutyl phos­
phoric acid (HDBP) has been investigated by Healy [13]? Brown [9&], and. by 
Hardy [97] using solutions of HDBP in benzene*
Healy [13] postulated the existence of three distinct complexes be­
tween uranium(Vl) and the solvent to account for his results* Under 
conditions of low aqueous acidity in the aqueous phase, he suggested that 
the species present at low uranium concentrations was UO^CDBP)^*(HDBP)^, 
while at higher uranium concentrations a polymeric form of this was pre­
dominant, [ UO (DBP) ] (HDBP) . At high aqueous acidities, to explain the
cL X cL
observation that the amount of uranium extraction was dependent on the 
nitrate concentration, he suggested that UOgCNO^gCHDBP^ was the extracted 
species, which has been suggested also by Kennedy [103]*
Brown [ 9&] investigated uranium extraction into HDBP solutions in a 
variety of inert diluents. With aqueous solutions of uranium, he found
that at below 1M nitric acid in the aqueous phase, the uranium extraction 
coefficient was inversely dependent on the nitric acid concentration, while
at higher acidities it was found to be directly dependent on the nitric acid
concentration. This would seem to agree with Healey’s results [ 13]> i*e»
that at low acidity the mechanism is :
U022+ + 2(HDBP)2 U02(DBP)2.(HDBP)2 + 2H+
analogous to cation exchange in a solid resin; while at high acidities a 
nitrate containing species is extracted.
Hardy [ 97] also investigated the extraction of uranium from nitrate 
solution and found that, in accord with previous Y/orkers, the dependence of 
the partition coefficient for uranium was different at high and low acidi­
ties in the aqueous phase. At moderate acidity (6m) the partition co­
efficient was inversely proportional to the nitric acid concentration, 
while at both higher and lower acidities, the partition coefficient was 
inversely proportional to the square of the nitric acid concentration.
Hardy found that the extraction was independent of the nitrate ion concen­
tration at all acidities.
In the investigation of uranium extraction from aqueous perchlorate 
solutions by HDBP in benzene, Hardy concluded that the complex 
UOgCDBP^CHDBP)^ was present in the extractant solution, which agrees 
with Healy1s conclusions [13]*
Baldwin [ 4-0] prepared a solid complex of HDBP and uranium which
corresponded to the formula UO (DBP^-
Bryssen [ 98] studied the extraction of uranium from perchlorate 
solution into di-(2~ethyl hexyl)pho1phate (HDEHP) dissolved in hexone.
These resulted indicated the presence of a complex U02(PSHP)2(HDEHP)2*
Fur*ther work on uranium extraction into HDEHP was done by Baes [22] 
using solutions of uranyl perchlorate. At low uranium concentrations he 
also found evidence for the existence of and suggested
a possible structure for this complex in which the uranium is six co­
ordinated.
At higher uranium concentrations he carried out isopiestic measure­
ments on the organic solution, and the results indicated extensive 
polymerization of the uranium complex which he explained on the basis of 
chain polymers of the type XgUO^X^H. where X represents
the (DEHp)~ ion.
Peppard and co-workers [ 29] prepared a solid compound of HDEHP and 
uranium(Vl) corresponding to the formula UC^CfEHP^*
In more recent v/ork on uranium extraction into HDEHP from sulphate 
and nitrate solutions, Sato [ 13&] has concluded that at moderate aqueous 
acidities the extraction mechanism is similar to that suggested by Baes [22] 
while at high uranium concentrations and low acidities polymeric species 
are formed in the organic phase. In the case of extraction from nitrate 
solution Sato suggests that at high aqueous acidities a Species 
UC^NO )g.(HDEHP')g is extracted. This is in general agreement with
previous workers.
Studies on the extraction of other metals into HDEHP and HDBP have 
been made by several workers including Peppard and co-workers [ 20,39?99-101, 
114] and Hardy [ 102]«
Synergistic effects have been demonstrated and investigated in the 
extraction of uranium(Vl) by phosphorus acid esters. Blake et al. [25] 
noted a synergistic enhancement of the extraction of uranium(Vl) by HDEHP 
in the presence of TBP and certain other neutral phosphonates and phosphine 
oxides. Three different explanations have been advanced to explain this 
and similar phenomena observed with other di-alkyl phosphoric acid extract­
ants.
Kennedy has studied the extraction behaviour of mixtures of HDEHP 
and trioctyl phosphine oxides. He suggested in one paper [105] that the 
neutral phosphine oxide (n) replaced the two molecules of HDEHP in the 
extracted complex which Kennedy formulates as UOgC^I^^'^HEEHP to give 
U02(PE®:’)2^ 2* This complex is more easily formed than IK^CDEHP^^HDEHP 
since to form the latter one dimeric molecule (HDEHP)g must dissociate*
In a further paper [ 10£>] Kennedy found evidence to support the existence 
of UOgCDEHP^Ng from infra red absorption measurements.
He suggested further another species UO^CDBP^HDBP.N and evidence 
was found that this species was of the type H*[U0 (DPB) ] .2 y
Blake [107] has suggested that the neutral molecule, TBP or tri-octyl 
phosphine oxide simply co-ordinates on to the uranyl/HDBP complex to give
U02(DBP)2(HDBP)2 ^23 a com^ ex w^-c^ -^s more soluble in organic solvents 
than the simpler one. However, this explanation should apply equally to 
the extraction of other metals into HDBP or HDEHP but synergism is observed 
only for U, Np, and Pu.
Irving [108] has suggested that the complex U02(DBP)2(HDBP)2 is 
hydrated in the organic phase and that the synergistic action of the 
neutral solvent; is due to the displacement of the co-ordinated v/ater from 
the uranium complex, thus giving a more ’organic—soluble1 species.
The order of effectiveness of neutral compounds in effecting syner­
gism seems to be
(Ro)ypo< r »(r o )2po < r '2(p o)po <  r3po
which is also the order of basicity of the phosphoryl oxygen*
Schevenko and Smelov [ 24] have put forward a rather different alter­
native mechanism for extraction by mono and di-esters of phosphoric acid, 
using solution of di-n-butyl phosphate and mo no-n-buty1 phosphate in benzene 
to extract Pu(lV). In each of these systems the extraction was found to 
be proportioned to the concentration of extractant and of hydrogen ions but 
is independent of the nitrate ion concentration. These measurements were
carried out at an ionic strength of 6.0 in a perchlorate/nitric acid medium*
These authors neglected the complexing of plutonium in the aqueous phase 
and considered that the extraction should be represented as :
PuR * + HR PuR, + H+
3 4
where R is [ C^H^0)2P0-0] . They regarded the extracting agent as acting 
simultaneously as a complexing agent in the aqueous phase*
1.3 Sol-utions of uranium in long chain amines
Long chain aliphatic amines have also been studied with regard to 
their extracting ability towards uranium, usually from sulphate solutions 
[45,39,60].
Keder and co-workers [27] have studied the extraction of uranium(Vl) 
from nitric acid solutions by trioctylamine (TOA). They consider that the 
species formed on equilibration of the amine with nitric acid is the amine 
salt, and extraction of uranium occurs by replacement of the nitrate ion by 
a metal anionic complex to form an ion pair, but they reached no conclusion 
as to the composition of the anionic complex.
Studies have been made also on the extraction of inorganic acids into 
tributyl phosphate and di-(2-ethyl hexyl)phosphate0
Nitric acid extraction has been studied by Alcock and co-workers [1] 
who showed that at moderate acid concentrations a mono-solvate HNO-^  TBP 
is formed# They carried out conductivity and viscosity measurements on 
solutions of nitric acid and TBP and showed that the acid was essentially 
unionized#
At higher acidities more nitric acid than corresponds to the mono­
solvate dissolves in TBP and the solution has an increased, though still low, 
conductivity. At these high acidities Alcock found that the TBP-HNO^ 
solution could separate into two phases, one of which on analysis was found 
to correspond very closely to HNO^(TBP)# ^ e  results of Hesford and 
McKay [31] on the same system were in substantial agreement with those of 
Alcock#
Tuck [ 42] measured volume changes involved in the extraction of nitric- 
acid into TBP using a specially developed dilatometer and the results of this 
work agree with the work of Alcock r1] and Hesford [ 31]o On the basis of 
some infra-red absorption measurements he inferred that when the acid-TBP 
ratio is less than 1 ; 1 the mono-solvate is formed by hydrogen bonding 
between the phosphoryl oxygen and the hydrogen atom of the nitric acid mole­
cule# At higher acid concentrations he suggested that bonding to the ester
oxygen could occur® In this case he suggested that the acid was extracted 
as a hydrate
Peppard and Ferraro f 30] studied the infra-red absorption spectrum 
of TBP solutions of nitric acid and showed that the nitric acid 7ms present 
in an unionized form* They found evidence for hydrogen bonding between 
the acid and the phosphoryl oxygen atom of the solvent but no evidence was 
found that the ester oxygen participated in the bonding*
Russian workers [109,110] have suggested two solvates in the 
HNQ^-TBP system, viz. HNO^(TBP) and HNCy (TBP)2. The nitric acid - TBP 
system has been studied also by Peppard et al.[ 70] and Sato [33,34]*
The extraction of hydrochloric acid has been studied by Hesford, 
Irving, Kertes and co-workers and also by Baldwin [41]»
Hesford et al, [31] postulated a mono-solvate HC1.TBP in the organic 
phase while Irving et al. [63] used conductivity measurements to show that 
the acid is essentially unionized in the TBP solution* They found also 
that the acid was hydrated and, at low acid concentration, the ratio ^ 0  5 
HC1 was 4 : 1  in the TBP phase#
Kertes et al* [37,71] made measurements of the physical properties of 
the organic phase and concluded that at low initial acid concentrations the 
acid vms present in the organic phase as a hydrated, unionized, and solvated 
species, (TBP^-HCl.(HgO)^# At concentrations of acid greater than 7M, 
they found evidence of the presence of another species TBP.HClfHgO)^* In 
the study of the hydrochloric acid - TBP system considerable hydrolysis of
the TBP occurs as evinced by the slow separation of a second phase from 
HC1-TBP solutions and studies of this hydrolysis have been made by several 
worker s [ 3K9 38] •
The extraction of other acids into TBP has also been studied, for 
example, the extraction of hydrobromic acid [68], perchloric acid [ 31,67,69] 
and sulphuric acid [ 31] have been investigated.
Sulphuric and hydrobromic acids are thought to form mono-solvates 
while perchloric acid forms higher solvates in addition, and is thought to be 
substantially ionized in the organic solution*
The extraction of nitric acid into di-(2-ethyl hexyl)phosphate has 
been studied by Peppard et al. [ 30] <> The acid is unhydrated as in TBP 
and is considered, on the basis formed of infra-red spectrum measurements 
to be bonded via a hydrogen bond to the phosphoryl oxygen of the solvent 
molecule, but no definite solvate is postulated.
Kertes [111] and co-'workers have used dibutyl phosphate for the ex­
traction of nitric acid and have carried out physical measurements on the 
organic solutions and suggested three possible solvates :
(KDBP.H20)2HN03, HDBP.H20.HN03, and HDBP.H^CHNO^.
This sytem was also studied by Greenfield and Hardy [112]*
1,5 Solution of inorganic acids in long chain amines
Long chain amines were first used to extract organic and some
inorganic acids from aqueous solutions [118,119]. Tri-n-octylamine (TOA)
and tri-laurylamine have been used frequently, usually dissolved in an inert
diluent such a s xylene [26,28]*
The extraction of nitric acid [120,121], sulphuric acid [122,125],
and hydrochloric acids [132,126] into TOA have been studied.
In all cases, the acid dissolves initially to form the amine salt,
e.g, for nitric acid and TOA (Octyl) J&H. NO 7, In the case of nitric acid
the quantity extracted is greater than the amount required to convert
the amine completely into the salt [130], In a later paper Keder [116]
studied solutions of uranyl nitrate dissolved in TOA by a spectrophoto- ■
metric method. They found evidence for the presence of the [UOgCNO^)^]
ion, Russian workers [117] also studied the extraction of uranium from
nitrate solutions by TOA and calculated a stability constant for the
+> . . -
complex [ T0AH][ U02(N0^)^] , However, on the basis of infra-red absorption
spectra measurements, they inferred that the complex should more properly
be formulated [ T0A.HN0^][ U O ^ N O ^ ]  *
Colman [46] has studied the extraction of uranium by long-chain 
amines from sulphate solutions and explains the results by the following 
equations s
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2R^N * h2S\  (B^NK^SO^.
U022+ + 2S042+ ^  ™ 2(S04 ) 22"
u°2(so4)22" + (e3nh)2so4 ^  0 3hh)2uo (so4)2 + so42"
This corresponds to anion exchange on a solid resin.
Coleman also studied the extracting power of various primary,
secondary, and tertiary amines and found some general increase in extracting
power from primary to tertary amines.
Keder [133] has also studied the extraction of uranium(Vl) into TOA
from chloride solutions. He concludes that the extracted species is 
2—
[ UOgCl^] which agrees with the work of Bizot and Trewlllon [126].
The extraction of the tetra-valent actinide elements has been 
studied by Wilson [127,128], Carswell and Lawrence [129], and Keder [133]#
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S E C T I O N  2
EXPERIMENTAL PROCEDURES
2.1 Materials
(i) Tri-n-butyl phosphate.
Tri-n-butyl phosphate as available commercially. This 
product however, may contain appreciable quantities of mono and dibutyl 
phosphates, and since, in general, these are much more efficient extractants 
for uranium than the tri-ester, it was essential to remove all-traces of the 
lower esters from the commercial TBP before carrying out partition 
measurements. The purification technique used was a variation of the 
methods of Irving and Edgington [65] and Dyrssen [141].
The commercial TBP was stirred vigorously for several hours 
with an equal volume of w/v sodium hydroxide solution. During this 
period successive small portions of a 4$ w/v solution of potassium
permanganate were added. At first the permanganate was decolorised slowly
but more was added until a permanent pink coloration in the organic layer 
had persisted for 30 minutes. The organic layer was then separated and 
washed with several volumes of dilute nitric acid. The product was then 
washed with several volumes of water and dried at 130°C in a slow current 
of dry nitrogen under reduced pressure.
The TBP was finally distilled under reduced pressure over a
little solid sodium bicarbonate and the fraction boiling between 170°C and
175°C at 25 mm Hg was collected.
The final product was a colourless liquid with a faint odour.
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(ii) Di--( 2-ethyl hezyl} who s phat e (HDEHP)
Di-(2-ethyl hexyl)phosphate is available commercially# It was 
purified by washing successively wiuh several volumes each of 10$ 
sodium carbonate solution, 5N hydrochloric acid and watera
The equivalent weight of the product was determined by dissolving 
weighed samples in acetone and titrating with standard alkali using 
phenolphthalein as indicator.
The value obtained was 322.7 (- 0.8) compared with a theoretical 
value of 322.2.
The compound is a pale yellow liquid with a very high viscosity.
(iii) Tri-n-octylamine (TOA)
This material was used as supplied. No purification was attempted 
except that the material was washed well before use with successive volumes 
of water. The equivalent weight was determined by dissolving weighed 
samples in glacial acetic acid and titrating with dilute perchloric acid 
using crystal violet as indicator. A value of 352.8 was foundj compared 
with a theoretical value of 353- The compound is a colourless odourless 
liquid.
(iv) Diluents
(a) ’Odourless kerosene for TBP extraction studies.
This was prepared from commercial kerosene by distillation, retaining 
the fraction distilling between 170° - 190°C.
( b )  B e n z e n e  f o r  H D E H P  e x t r a c t i o n  s t u d i e s .  A n a l y t i c a l  g r a d e  w a s  
u s e d  w i t h  n o  f u r t h e r  t r e a t m e n t .
(c) X y l e n e  f o r  T O A  e x t r a c t i o n  s t u d i e s .  A n a l y t i c a l  g r a d e  
x y l e n e  a  m i x t u r e  o f  t h e  t h r e e  i s o m e r s  b . p .  1 3 8  -  1 4 2 ° C  w a s  u s e d .
(v)• Acids
Hydrofluoric and nitric acids were of the usual analytical grade.
All hydrofluoric acid solutions were made up and stored in polythene 
vessels.
( v i ) .  U r a n i u m  C o m p o u n d s
(a) Uranyl nitrate hexahydrate. Analytical grade.
(b) Uranyl fluoride.
This was prepared from the uranyl nitrate hexahydrate in two stepst
U r a n y l  n i t r a t e  h e x a h y d r a t e  w a s  h e a t e d  t o  2 5 0  -  3 0 0 ° C  f o r  s e v e r a l  
h o u r s  w h e n  o x i d e s  o f  n i t r o g e n  a n d  w a t e r  w e r e  g i v e n  o f f  l e a v i n g  a  r e s i d u e  
o f  u r a n i u m  t r i o x i d e .  T h i s  w a s  c o n v e r t e d  t o  u r a n y l  f l u o r i d e  b v  r e p e a t e d  
e v a p o r a t i o n  w i t h  h y d r o f l u o r i c  a c i d  i n  a  p l a t i n u m  d i s h  o n  a  s t e a m  b a t h .
The resulting solution was diluted, filtered and evaporated just to dryness 
on a water bath. The uranyl fluoride was dehydrated by heating to 200°G 
for several hours. The resulting compound is a bright yellow powder 
easily soluble in water, and analysis of which gaveU 77.2$, P 12.29$, 
(theoretical values for UO F U 77.3$. F 12.34$.)
Solutions of uranyl fluoride were made up by direct weighing of 
this compound. Glass volumetric flasks were used in the initial prepara­
tion of these solutions but immediately afterwards the solutions were 
transferred to polythene bottles for storage.
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2.2 Analyses
(i) Fluoride determinations
Two methods were used fcr the determination of fluoride.
(a) Potentiometric titration method [ll8].
This method is based on the observation that in an unbuffered 
solution, the titration of a neutral fluoride solution with aluminium ion 
shows an abrupt change in pH at the stoichiometric end point of the reaction 
Al5* + 6F~ — »• A1F5"
The sharpness of the end point is improved if the fluoride solution
is diluted with acetone before titration. The method is applicable over
the range 0.1 to 3.5 mg./ml. of fluoride.
Preliminary tests of this method were carried out by titrating
standard solutions of fluoride (prepared from A.R. sodium fluoride dried 
o \at 120 C) with a standard solution of potassium aluminium sulphate# The 
reaction was followed by measuring the variation in E.M.F. using a glass 
electrode and a saturated calomel electrode with a Cambridge pH meter#
End points were determined by plotting the titre against change in E.M.F.
( A e ) . It was found that an accuracy of 0.2$ could be achieved with fluoride
concentrations of over 0.5 mg./ml. Below these concentrations the end 
point was less well defined and it was found advantageous in these cases 
to omit the dilution with acetone.
It was found essential to remove all traces of carbonate from the
solutions before titration. Preliminary experiments indicated that if 
alkaline fluoride solutions were allowed to stand for more than a few 
minutes before titration poor end prints were obtained, presumably due to 
absorption of atmospheric carbon dioxide. In the determination of fluoride 
in hydrofluoric acid solutions or in the presence of nitric acid, the 
solutions were first roughly neutralised to pH 9-10 (universal indicator 
paper) with sodium hydroxide. A suitable aliquot of the solution was then 
evaporated down to a volume of about 5 ml. in a platinum dish. The 
solutions were transferred to the titration vessel and a few drops of 
concentrated hydrochloric acid added to lower the pH to ca. 1. It was then 
saturated with sodium chloride and stirred for several minutes* An equal 
volume of acetone was then added and the solution was warmed to 50°C«
Finally the pH was adjusted carefully to 7 - 0.5, by addition of dilute 
carbonate-free sodium hydroxide solution. Uranium interferes with this 
method and was removed as a preliminary operation by precipitation with 
carbonate-free sodium hydroxide.
(b) Titration with thorium nitrate in buffered solution*
For this method, details of procedure as described in standard texts 
e.g. [142] were followed except that the indicator purpurin sulphonate 
suggested by Willard and Horton [l43] was found to give a more distinct end 
point, A buffer solution of sodium monochloracetate and monochloracetic 
acid was used to give a pH of 3.2-3.5, in the titrated solution. During
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preliminary trials this method was found to give best results when the 
concentration of fluoride was above .04 mg./ml. and below 2 mge>/ml«
Thorium nitrate solutions were prepared from A.R. thorium nitrate 
tetrahydrate dried at room temperature in a desiccator.
Accuracy of this method is i 0.3$ at the lower concentrations and 
rather better at higher concentrations of fluoride.
In general method (a) was used for concentration of fluoride above 
0,5 mgl./ml., below this concentration the change in pH at the end point 
became less abrupt with a corresponding uncertainty in the exact position 
of the end point. Method (b) was used at concentrations of fluoride of 
between 0.04 mg./ml. and 0,5 mg./ml., above this concentration a precipitate 
of thorium fluoride became visible, this tended to absorb the indicator and 
thus obscure the end point.
(ii) Uranium Determinations
Macro quantities of uranium may be analysed satisfactorily by 
gravimetric procedures according to standard methods, e.g. via the 
oxide U^ Ogj or vaa oxine complex UO^CCgHgON)^. C^H^ON. [142]*
Colorimetric methods are more satisfactory for the determination of small 
quantities of uranium but in most cases fluoride interferes seriously*
One colorimetric method [l44] which is not subject to interference by 
fluoride at moderate concentration was tried and found to be satisfactory. 
Uranium(vi) forms an orange yellow water soluble complex with
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ammonium thioglycollate in alkaline solution. The colour intensity is 
constant over a wide range of pH values and is independent of the exact 
reagent concentration. The complex is stable and is unaffected by most 
common anions, including fluoride over a wide range of concentrations*
Up to 200 mg. of fluoride can be tolerated in a solution containing 0*3 nig.
of uranium. The method is applicable over the range 5-60 mg. of
uranium per litre, hence uranium solutions obtained from extraction experi­
ments were suitably diluted before analysis.
The method was tested with a series of standard uranium solutions 
prepared from A.R. uranyl nitrate hexahydrate and analysed by a standard 
gravimetric procedure involving precipitation of the oxine complex* It 
was found that a logarithmic plot of absorption against concentration gave 
a straight line, indicating that the system obeyed Beer’s law over the range 
investigated.
The ammonium thioglycollate solution was prepared by diluting 10 ml. 
of thioglycollic acid with water, neutralising with 50$ ammonia, and making 
up to 100 ml. with water. Such a 10$ solution is quite stable.
For analysis of unknown uranium solutions a suitable aliquot of
the solution was just neutralised with carbonate free sodium hydroxide and 
transferred to a 50 ml. volumetric flask, The colour was developed by 
adding 4 ml. of 10$ ammonium thioglycollate solution, 4 ml. of 50$ ammonia 
and making up to 100 ml. with water. For those solutions containing a 
large excess of fluoride, this was eliminated by a preliminary evaporation 
to dryness with concentrated sulphuric acid in a platinum dish.
Optical measurements were made on a Unicam S.P. 500 spectrophoto­
meter at 400 mu with reference to a reagent blank in 1 cm. cells* An 
accuracy of - 0.5$ was obtainable if the measurements were made within 
30 minutes of preparing the complex. After this time the colour slowly 
faded, the effect being less pronounced if the solutions were kept in 
the dark.
In all series of analyses two standard uranium solutions were 
included among the unknown samples and treated in an identical manner 
to serve as a check on the constancy of the calibration curve.
2n5 Determination of Partition Ooefficients
Measured volumes, usually 25 ml. of aqueous and organic phases of 
known composition were introduced inco polythene bottles and shaken 
mechanically for 10 - 15 minutes. Preliminary tests showed that a shaking 
time of 2-3 minutes was adequate for establishing equilibrium except in the 
case of high concentrations of uranium and high concentrations of extractant, 
although in all the cases tested 10 minutes was found to be sufficient* In 
most experiments the volume ratio organic; aqueous was chosen as 2;1, 1:1 ox’ 
1:2 as appropriate.
In all cases the extracting solvent was pre-equilibrated with water 
before use by shaking with a small volume of water. In those experiments 
where it was necessary to maintain the aqueous phase acidity constant while 
investigating the effect of extactant concentrations on uranium distribution, ! 
the organic phase was conditioned to the equilibrium concentration of acid 
by preliminary shaking with several volumes of aqueous phase of the 
appropriate acidity containing no uranium. Hydrofluoric acid solutions were 
weighed in polythene weighing bottles and the volume calculated from the known 
specific gravity of hydrofluoric acid solutions at various concentrations.
After equilibrium had been attained, the phases were separated, if 
necessary by centrifuging in polythene tubes. Centrifuging was not necessary 
for the TBP or TOA extractants but was usually necessary when HDEUP was used 
as extractant. Suitable aliquots of each phase were withdrawn for analysis
by means of a pipette made from polythene. The aliquots were weighed in 
polythene weighing bottles.
All experiments were carried out at an ambient temperature of 
21°C - 2°.
(i) Uranium determinations
Aqueous phases could be analysed directly but with the organic 
phases it was necessary to back-extract the uranium with a fresh aqueous 
phase by stirring with a suitable wash solution. The aliquot of the 
organic phase was diluted with the appropriate diluent (kerosene for 
TBP; benzene for HUEHP and xylene for TOA) and stirred with several 
small volumes of wash solution. The aqueous washings were separated and 
combined. In those cases where a large excess of fluoride was present, 
and also where sodium carbonate solution was used as the wash solution, 
the solutions were evaporated to dryness with concentrated sulphuric acid 
in a platinum dish, cooled and diluted for analysis. Suitable wash 
solutions for back-extraction of uranium from the three solvents were 
found to be: 1
(a) TBP-sodium carbonate solution;
(b) HDEHP-5M hydrochloric acid;
(c) TOA-water.
(ii) Acid determinations
Aqueous phase acidities were determined directly by titration with 
standard alkali using phenolphthalein as indicator.
Organic phase acidities were determined in the case of TBP and 
HDEHP by back-extracting the dissolved acid into a fresh aqueous phase 
by washing with several volumes of water. The aqueous acid was then 
titrated with standard alkali. For TOA solutions, organic phase 
acidities were determined directly by titration in acetone solution with 
standard alkali using phenolphthalein.
When the solutions for acidity determination contained uranium 
(which interferes due to hydrolysis) excess sodium oxalate was added to 
prevent such interference by complex formation. [l45].
In the presence of fluoride, the red colour of the phenolphthalein 
indicator at the end point faded slowly and with solutions containing 
fluoride, a back-titration procedure was employed. A measured amount of 
standard alkali was added and the excess determined by potentiometric 
titration with standard acid using a Cambridge pH meter, with glass 
and saturated calomel electrodes.
(iii) Fluoride determinations
Fluoride was determined in aqueous solution by the methods 
previously described, after precipitation and removal of uranium by 
addition of alkali. In organic solutions, fluoride was determined by 
washing the organic phase with dilute sodium hydroxide, removing (by 
centrifuging) any uranium precipitated and determining fluoride in the 
aqueous washing by the usual methods.
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Conductivities were determined in a glass conductivity cell using 
a Cambridge AC bridge.
Infra-red spectra were determined on a spectrophotometer using 
0*02 m/m liquid-film cells with calcium fluoride windows.
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S E C T I O N  3
E X P E R I M E N T A L  R E S U L T S  O N  T H E  
E X T R A C T I O N  O F  I N O R G A N I C  A C I D S
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Experimental results on the extraction of inorganic acids
The stability constants quoted in this and in later sections are not 
’’thermodynamic stability constants” since factors such as activities cannot 
be taken into account (because of unavoidable variations in ionic strength). 
Nevertheless, as shown later, the :1constants” derived appear to accord well 
with the general theory and thus to have some empirical justification.
The following conventions have been used:
[X]q represents total concentration of X in the
organic phase,
[x]A represents total concentration of X in the
aqueous phase.
[ P o _
A
Partition Coefficient =
*  [X]
All concentrations are expressed as molarities unless otherwise
stated.
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3ol Extraction of hydrofluoric acid
(a) Tri-n-butyl phosphate system
A series of aqueous solutions of hydrofluoric acid of different 
concentrations were equilibrated with solutions of three different 
concentrations of TBP in kerosene and partition coefficients were determined 
as described previously.
The simple plot of acid concentration in the organic phase against 
acid concentration in the aqueous phase, Pig. 1, shows that the 
concentration of hydrofluoric acid in the organic phase increases smoothly 
with aqueous acid concentration but the simple distribution law is not 
obeyed, and, the partition coefficient (Table l) decreases with increasing 
aqueous acid concentration.
At aqueous concentrations of hydrofluoric acid above about 6M, the 
organic phase acid concentration increases almost linearly with the aqueous 
acid concentration, until at aqueous acidities of about 121, the composition 
of the organic phase approaches HP (TBP). At higher aqueous acidities, the 
ratio [ TBP]o/[ HP] q becomes less than unity, that is, more hydrofluoric acid 
dissolves in the organic layer than corresponds to the composition HP (TBP).
This is shown more clearly in Fig. 1A, where the ratio [TBP^/tHFjQ 
is plotted against aqueous acid concentration for the three TBP concentrations, 
All the points lie on a smooth curve, that is, at a fixed aqueous 
acidity, the ratio [ TBP] q/£ HB] q , is independent of TBP concentration. It can
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be seen that after an initial rapid fall, the ratio[TBP]Q/[HF]Q, slowly* 
approaches the value of unity although at very high aqueous acid 
concentrations the value of the ratit drops below this value.
On the basis of these results it seems reasonable to suppose, 
therefore, that the predominant process occurring in the extraction of 
hydro-fluoric acid by solutions of TBP in kerosene under these conditions, 
is the formation of a Isl solvate between PBP and hydrofluoric acid*
Further experiments were carried out to see if this conclusion was 
justified*
If the solvate is written HF(TBP) , the extraction process may be
written
and the equilibrium constant for this reaction; n ; is given by
K?.   (1,
[bf]a[tep]q
If this solvate is the only one present in the organic phase, the 
concentration of the solvate may be equated to the concentration of 
hydrofluoric acid in the organic phase vizs
[hf]0 = [hf(1BP)x]0
. _!• , W o• C iL S3 “■ r
X[ HP] A [TB?1 Q
K = _______ where 3L_, is the partition coefficient
r rpmJI x hi
LiBPJ0 [HF]
* *  " [Ef|.
A  l o g a r i t h m i c  p l o t  o f  a g a i n s t  [ T B P ] q  a t  a  f i x e d  a q u e o u s  a c i d  !
c o n c e n t r a t i o n  s h o u l d  g i v e  t h e r e f o r e  a  s t r a i g h t  l i n e  o f  s l o p e  x  i f  t h e  s o l v a t e
i s  H F ( T B P ) x  w h e r e  x  i s  i n t e g r a l ,  w h i l e ,  i f  t h e r e  i s  m o r e  t h a n  o n e  s o l v a t e  !
p r e s e n t 3 a  n o n - i n t e g r a l  s l o p e  i s  t o  h e  e x p e c t e d *
I t  m u s t  h e  n o t e d  t h a t  t h e  q u a n t i t y  [ T B P ] q  i s  t h e  c o n c e n t r a t i o n  o f
* f r e e l  T B P  i n  t h e  o r g a n i c  p h a s e ?  t h a t  i s  t h e  p a r t  n o t  c o m b i n e d  w i t h
h y d r o f l u o r i c  a c i d  i n  t h e  p o s t u l a t e d  s o l v a t e  H F ( T B P )  .  T h i s  m a y  h e  c a l c u l a t e d  jX [
i f  a  v a l u e  o f  x  i s  a s s u m e d .  P r o m  t h e  w o r k  d e s c r i b e d  e a r l i e r ,  i t  a p p e a r s  t h a t  
t h e  m o s t  p r o b a b l e  v a l u e  f o r  x  i s  u n i t y .
V a l u e s  o f  t h e  p a r t i t i o n  c o e f f i c i e n t  w e r e  d e t e r m i n e d  f o r  v a r i o u s  
l o w  c o n c e n t r a t i o n s  o f  T B P  a t  a n  a q u e o u s  a c i d i t y  o f  1 M ?  u s i n g  a  s m a l l  
o r g a n i c  p h a s e / a q u e o u s  p h a s e  r a t i o  t o  m a i n t a i n  t h e  a q u e o u s  a c i d i t y  c o n s t a n t .  
U n d e r  t h e s e  c o n d i t i o n s  t h e  a m o u n t  o f  h y d r o f l u o r i c  a c i d  e x t r a c t e d  i n t o  t h e  
o r g a n i c  e x t r a c t a n t  i s  l o w ,  a n d  t h e  v a l u e  o f  t h e  q u a n t i t y ] ]  T B P ]  q  i s  c l o s e  t o  
t h e  t o t a l  c o n c e n t r a t i o n  o f  T B P .  A  l o g a r i t h m i c  p l o t  o f  a g a i n s t  t o t a l  
T B P  c o n c e n t r a t i o n  g i v e s  a  l i n e  o f  s l o p e  c l o s e  t o ,  b u t  r a t h e r  g r e a t e r  t h a n ,  
u n i t y .  T h i s  s u g g e s t s  t h a t  t h e  v a l u e  o f  x  i s  u n i t y ,  a n d  a  f u r t h e r  p l o t  o f  
l o g [ T S P ] Q  ( c a l c u l a t e d  o n  t h e  a s s u m p t i o n  t h a t  x  =  l )  i s  a  s t r a i g h t  l i n e  o f  
s l o p e  O.95. ( P i g .  2). F u r t h e r  e x p e r i m e n t s  c a r r i e d  o u t  a t  a  c o n s t a n t  
a q u e o u s  a c i d  c o n c e n t r a t i o n  o f  4 • O W E  l e a d  t o  a  s i m i l a r  g r a p h  ( P i g .  2 ) .
T h e s e  r e s u l t s  t e n d  t o  c o n f i r m  t h a t  a  s o l v a t e  o f  t h e  c o m p o s i t i o n  
H F ( T B P )  e x i s t s  i n  t h e  o r g a n i c  p h a s e .
A t  h i g h  a q u e o u s  a c i d i t i e s ,  w h e r e  t h e  c o n c e n t r a t i o n  o f  h y d r o f l u o r i c  
a c i d  i n  t h e  o r g a n i c  p h a s e  i s  g r e a t e r  t h a n  c o r r e s p o n d s  t o  t h e  c o m p o s i t i o n
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HF(TBP), it is apparent that this simple approach is inadequate. It is 
possible that another solvate involving the dimer of hydrofluoric acid is 
formed, e.g. H^P^.CTBP) or that the excess hydrofluoric acid simply 
dissolves vd.th.out formation of a specific solvate.
It is possible to make some estimate of the stability constant KT^ 
of the solvate HF(TEP) from equation 1 since all quantities in the equation 
can be calculated. On substitution of appropriate values from Table 1 into 
this equation, where x = 1, the value of obtained is substantially 
constant over the range of concentrations 0.2M to 1.5M TBP and 1.0 to 11M 
aqueous hydrofluoric acid concentration. The values obtained are shown in 
Table 3* they vary from 0.31 to 0.36,
Ho correction for activities is attempted owing to the lack of data 
for activities of aqueous hydrofluoric acid solutions at high concentrations. 
Also, since the values of the stability constant are obtained from data on 
relatively high concentrations of hydrofluoric acid, ionization of the acid 
in the aqueous phase is neglected. In view of the fact that the stability 
constant as calculated shows substantial constancy over a tenfold range of 
aqueous acid concentrations, this procedure and these assumptions seem to 
be justified,
(b) Di-f-g ethyl hexyl)phosphate system
A series of aqueous solutions of hydrofluoric acid of different 
concentrations were equilibrated with eiqual volumes of pure IIDEHP. With 
this material it was necessary after equilibration to centrifuge the mixed
p h a s e s  f o r  l o n g  p e r i o d s  i n  o r d e r  t o  g e t  a  c l e a n  p h a s e  s e p a r a t i o n  b u t  
o t h e r w i s e  p a r t i t i o n  c o e f f i c i e n t s  w e r e  d e t e r m i n e d  a s  d e s c r i b e d  p r e v i o u s l y .  
R e s u l t s  a r e  s h o w n  i n  T a b l e  4°
This system shows a considerable difference to the TBP system. Much 
lower partition coefficients are found with HDEHP, and at aqueous concentra­
tions up to 15M, a plot of acid concentrations in organic and aqueous phases 
is linear (Pig* 4)» The system obeys the simple distribution lav/ and the 
partition coefficient is therefore constant under these conditions. At 
higher aqueous concentrations the partition coefficient increases with 
aqueous acid concentration in contrast to the TBP system where the partition 
coefficient decreases continuously.
[  H D E H P ]  Q
The minimum value of the ratio    ____ is 3.1 at the highest
a t t a i n a b l e  a q u e o u s  a c i d  c o n c e n t r a t i o n  2 0 M ,  b u t  t h i s  r a t i o  i s  s t i l l  
d e c r e a s i n g  a n d  t h e r e  i s  n o  l i m i t i n g  v a l u e  a s  o b s e r v e d  i n  t h e  T B P  s y s t e m .
Experiments were carried out to determine partition coefficients 
when hydrofluoric acid is extracted from aqueous solutions of constant 
concentration into solutions of HDEHP in benzene of various concentrations. 
Owing to the low partition coefficients for hydrofluoric acid observed in 
this system, it was not possible to use such dilute solutions of the 
extractant, as were used in the TBP system. Results are shorn Pig, 5? and- 
Table 5« The partition coefficient is directly proportional to the 
extractant concentration over a wide range. The mole ratio of HDEHP to
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hydrofluoric acid for any HDEHP concentration in the organic phase is
therefore constant at a given aqueous acidity, e.g. at 10.5M aqueous acidity 
[KDEHq Q [HDEHP] Q
— ==----  ** 7*2, and at 5^ *-rrrm  - 14*8 (Prom Fig. 4). Furthermore.
0 l Jo
this ratio is inversely proportional to the aqueous acid concentration
i.e. £mrap]0 _■ c
T hp]^  “ [hf]a
The fact that the partition coefficient is proportional to the 
extractant concentration suggests that a Isl solvate may be formed by analogy 
with the TBP system.
Since HDEHP is dimeric in benzene solution [2°], the extraction 
mechanism is written as
HF. + (HDEHP) HF(HDEHP)0
A 20 0
The equilibrium constant for this reaction may be written?
[h f(hdbhp) £ o
“ [HF]a [(HDEiff)2]0 ............. u;
[HP(HDEHP) ] q may be equated to [HP] q
• _* • A. —
[HF]0
[3P]a  [ (HDEHP) 2]Q
Similarly [(HDEHP)0]n? v/hich is the concentration of *free1 (HDEHP) may
U V <L
be calculated from the relation
[(hdehp)2]0 =. [(HEEaff)2 ]total - [hp(hdbhp)2]0
as in the TBP system.
The constant calculated from these relationships is 
reasonably constant for various concentrations of hydrofluoric acid and 
HDEHP.
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The values obtained, are shown in Table 6.
( c )  T r i - n  o c t y l a m i n e  s y s t e m
A series of aqueous solutions of hydrofluoric acid of different 
concentrations were equilibrated with solutions of TOA in xylene of 
different concentration. After phase separation, partition coefficients 
were determined as usual. Results are shown in Table 7*
A plot of acid concentrations in organic and aqueous phases is shown 
in Pig. 7 for three different concentrations of TOA in xylene. The 
concentration of acid in the organic phase increases rapidly with 
aqueous acid concentration up to about 1M, and then increases much more 
slowly. In the region above 3M aqueous acid concentration the extraction
curve is approximately linear.
[
[ T O A ]
r hfiA plot of the ratio 0 against aqueous acid concentration,
0
Pig. 7A shows that for all values of TOA concentration, this ratio increases 
rapidly to a value of 2, which is reached at about 1M aqueous acidity, and 
then increases to a limiting value of 3, which is reached at 7M aqueous acid 
concentration. At higher concentrations, however, this ratio is exceeded.
It seems probable that the initial rapid rise in extraction,
[HF]0 
[ T O A ] ,
corresponding to the approach of the ratio  ^ ^ to the value of 2}
is due to the formation of the fluoride salt of the amine. Since this salt
contains two atoms of fluorine per amine molecule this is probably the salt
of the dimeric hydrogen fluoride molecule HgFg which may be written 
■ + _
R^HH HP Further extraction of hydrogen fluoride must then be due to
-52-
extraction by the fluoride salt rather than by the free amine.
Further experiments were carried out to investigate the variation 
of partition coefficient with extractant concentration at constant aqueous 
acidity. Results*, shown in fable 8, and Figure 8 indicate that at aqueous 
acidities of over 1M (where the amine is completely converted into the salt), 
the partition coefficient is directly proportional to the extractant 
concentration.
This indicates that one further molecule of hydrofluoric acid is 
extracted by the amine fluoride salt.
The process may be written ass
HFA + (toa.h2f2)0 [(toa.h2f 2).hf]0
Whence, the stability constant K*' ■* [(TOA.HgFg).HF]p
[HF]A [TOA.H2F2]0
The quantity [(TOA.H^F^)*HF]q may be equated to the total 
concentration of fluoride in the organic phase, less the concentration of 
fluoride combined in the amine salt, i.e.
[ (TOA. H ^ ) ® ]  0 = [ HF]q - 2[ TOA] ^
The quantity [TOA.H^F^Iq may be equated to the total concentration of amine, 
less the concentration of the species (TOA.H^F^HF. i.e.
[T0A.H2F2V  = £TOA]total - [K>A.H2F2]HF.
=  £ T O A W  - l [ H F ] o  -  2 [ T 0 A W ]
■ 3tTOAW - M o
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Hence the eqn. for may he rewritten,
KT1 = [HF]q - 2[T°A]^otai
[HF] A[3 (TOA), . n-[IIE] n]JAL v 'total
K1 HF A = [HF]q - 2[TOA]total ......... (3)
3tTOA3 total - t ^ O
At constant aqueous acid concentration, therefore, the right-hand side 
of this expression should he constant and a plot of the quantity 
( [ H F ] q  -  2 [ TOA]total).,again si the quantity 3[T0A]total - [ H F ] q  should he 
linear. A  graph of these quantity is shown in Fig. 9 *  drawn from tho 
data in Table 9? f°r dwo values of aqueous acid concentration. According to 
equation 3 the slopes of these two straight lines should be equal to
and hence two values of KT*" may be calculated. The values obtained 
for in this way are 0.54 and O.56.
3«2 Extraction of nitric acid ; j
(a) Tri-n-butyl phosphate system * ;
Nitric acid partition measurements have been carried out by several j 
workers [ 1, 42]. However, it was thought advisable to carry out some further j
work on nitric acid partition in order to obtain a full range of data for
comparison with that obtained for hydrofluoric acid.
A simple plot of nitric acid concentrations in organic and aqueous 
phases for three different concentrations of TBP in kerosene is shown in
Fig,. 10. plotted from the results shown in Table 10. The curves for nitric |
acid show similar characteristics to the corresponding curves for 
hydrofluoric acid. The distribution law is not obeyed, and the partition 
coefficient decreases with increasing aqueous acid concentration. For each ; j 
TBP concentration, the organic phase acid concentration increases linearly ;J|
with the aqueous acid concentration at values greater than 61, For each 4;
concentration of TBP, the composition of the organic phase approaches that J
■ j
corresponding to HNO^(TBP) at about 10M aqueous acid concentration. |
This is also shown in Fig. 10A where the ratio [ HNO^ ] Q/{ TBP] Q is j
plotted against aqueous jacid concentration. The Isl ratio of nitric acid and , 
TBP concentrations in the organic phase is only exceeded at high aqueous 
acid concentrations, as in the hydrofluoric acid system. The aqueous 
acidity at which this limiting value is reached is displaced to rather lower 
concentrations in ijhe nitric acid system than in the hydrofluoric acid j
system (lCM for nitric acid, I4M for hydrofluoric acid). I
analogy with the hydrofluoric acid system the extraction process 
at aqueous acid concentrations below ICi, may be written
hm>3 + tepq hnd3(tbp)0
. fHHO' (TBP) ]0
Hence the equilibrium constant ET =   2---— -- ,--- -
[M03]a[THP]0
and if, under these conditions, the lsl solvate HNO^TEP) is the only 
nitric acid containing species in the organic phase
[hho3]0 - [hno3.(tep)]0 
tinro3io
[HH03]a[IBP]0
KHH03
[rap]0
where is the partition coefficient for nitric acid
W -  [ EI!0-Vo 
[hh°3]a
A logarithmic plot of against [TBP]q at constant aqueous acid con-
3
centration should give a straight line of slope unity.
Here again, as in the hydrofluoric acid system, the quantity [TEP]q
is the concentration of !free! TBP, i.e. that not combined with nitric acid
in the solvate HNO^TBP). This may be calculated from the relation
[THE>] total “ t HHO3 ( TBP)] 0+ [TSP]q
assuming that HNO^TBP) is the only solvate present.
P
A series of experiments to investigate the variation of the nitric
acid partition coefficient with extractant concentration was carried out
by equilibrating dilute solutions of TBP in kerosene with aqueous nitric
acid solutions using a small ratio of organic phase to aqueous phase to
maintain the aqueous acid concentration close to constant. Results are
shown in Table 11, A plot of log against log [TBP]q is sho?>m in
3
Fig.ll for two aqueous acid concentrations. In both cases straight lines 
are obtained of slope very close to unity.
The existence of a solvate MO^(TBP) at aqueous concentrations of less 
than about 8Hi seems, therefore, to be confirmed, in agreement with previous 
workers.
Since nitric acid may be regarded as substantially ionized at the 
concentrations used in this part of the work, the extraction process may 
more properly be written
hed3.(Tbp)0.
the stability constant K1 = [M03(TBP)]q
The degree of dissociation of nitric acid in aqueous solutions has 
been determined by Krawetz [14^1 who gives values of a, the degree of 
dissociation for solutions of various concentrations.
Hence [ H+] = [H0~] = a [HHO^] ^
where is the total aqueous concentration of nitric acid.
The equation for T  now becomes
Since [MO^(TBP)]q = [MO^Iq assuming HTO^(TBP) is the only species 
containing nitric acid in the organic phase
The graph is shown in Pig. 11A for two aqueous acid concentrations. 
Two straight lines are obtained and thus two values for may be 
calculated.
The values obtained are 0.20 and 0.18.
These values for K?" agree reasonably well with the value of 0.22 
obtained by Fomin and Maiorova[ 134]*
00 Djfe-ethylheayl) phosphate system
A series of aqueous solutions of nitric acid of different 
concentrations were equilibrated with equal volumes of solutions of HDEHP 
in benzene, Partition coefficients were determined as described previously,
IcVtHHO',]. .rLa2[ H0 A
3 A [bho3JaLtbpj0
Thus a plot of TDTCL against [ TBP] q at constant aqueous acidity should 
give a straight line of slope M 03] ,
Since a is known may be evaluated.
and since the partition coefficient = [hNQ^Iq
results are shown in Table 12. A plot of nitric acid concentrations in
organic and aqueous phases, Pig. 12, shows a completely different trend to
the similar graphs for TBP extraction. Up to an aqueous concentration of
about 4 -^9 the partition coefficient is fairly constant, but slowly increases
tfith aqueous acid concentration, the increase becomes much more rapid at
aqueous concentrations above The partition coefficients are very much
[hhoJ q
lower than for the TBP system. The value of the ratio shows no
[ HDEHP] Q
limiting value, so that no conclusion as to the existence of a possible 
solvate can be drawn from these experiments*
The variation of partition coefficient with HDEHP concentration at 
constant aqueous acidity was also investigated - results are shown in Table 13* 
A logarithmic plot of partition coefficient against HDEHP concentration is 
shown in Pig. 13* The graph is a straight line of slope unity. This may 
indicate, as described previously, the existence of a Isl solvate between the 
extractant HDEHP and the extracted nitric acid which may be written 
HHO^ (HDEHP) ^ since the extractant is dimeric in benzene.
Owing to the low partition coefficients observed, it was not possible 
to use very dilute solutions of HDEHP since the experimental error in 
determining very small partition coefficients is considerable. Ho attempt 
was made to calculate a stability constant for this solvate since the method 
of calculating stability constants, described previously, requires that the 
organic solutions shall not show large deviation from ideality, i.e. that the 
solution of extractant shall be as dilute as possible. The partition
coefficients could, of course, be increased by increasing the aqueous acid 
concentration, but it was found that at concentrations greater than about 
8fil, the extractant was attacked by the nitric acid with the slow 
development of a brownish colour in the organic layer.
(c) Tri-n~ootylamine system
Some sets of measurements have been published for the extraction of 
nitric acid by tri-n-octylamine [ 27, 121] in a variety of diluents including 
benzene, carbon tetrachloride and xylene. There is some discrepancy in the 
results of different workers, especially at higher acid and lower amine 
concentrations and therefore, in order to obtain results v/hich could be 
compared with those obtained with the other extractants, measurements were 
carried out on this system, using xylene as diluent.
Results of simple partition measurements for various acid 
concentrations at three different amine concentrations are shown in 
Table 14 and Pig* 14#
At low acid concentrations, the partition coefficient decreases 
rapidly with aqueous acidity up to about 1M, then continues to decrease 
much more slowly. At higher acidities the extraction curve is approximately 
linear.
A graph of the quantity [TOA]HHO^]^ against aqueous acid 
concentration is shown in Pig. 14A.
For each of the three amine concentrations used, this quantity 
initially falls rapidly with the aqueous acidity up to an aqueous
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concentration of about 1M. At this aqueous acidity 9 the ratio 
[toa]0/[mo3]0 is close to unity. Beyond 114 aqueous acidity the ratio falls 
much more slowly 9 and reaches what is apparently a limiting value of rather 
less than 0.5 at aqueous acidities greater than
Thus results seem to indicate that the first stage in nitric acid
• t’ ^
extraction by TOA is the formation of the amine salt further
extraction is then due to extraction of nitric acid by the solution of this 
salt in xylene. The maximum amount of nitric acid which can be extracted 
by this salt in the range investigated seems to be 1 mole of acid per mole 
of amine salt - which gives the ratio [ T0A]q/[HB03]q - 0.5 at saturation.
The variation of partition coefficient with amine concentration at 
constant aqueous acidity is shown in Fig. 15? the results were obtained in 
the same manner as for the corresponding hydrofluoric acid system^ and are 
shown in Table 15« The partition coefficient is directly proportional to the 
arnine concentration at both aqueous acidities investigated^ in which the 
amine is entirely in the salt form.
This impliesj that9 exactly as in the hydrofluoric acid system^ each 
mole of the amine salt extracts 1 mole of nitric acid.
If the process is written
[ff1-] +[H0 "]^+ [T0A.HI03]0 ^ = 4  [(T0A.HH03).HU03]0
the stability constant K1 = [(T0A.HM03).HH0j0
[toa.m o 3]0[h+]a [m >^ ] a
The .following.relationships are apparent? derived as in the 
corresponding system for hydrofluoric acids
■[.(toa.hhd3)hho'3]0 -  [m n3]0 -  [TOA]to ta l )
[toa.buo3]0 = [TOA]to ta l -  [(TOA.m»3).mio3]0
= - f m 03]0
K?Xfl^A[II03]A = [fflr03]0 ~ ^ TOAhotal
^ ^ t o t a l - ^ S ’o ... 4
[H+]a[3®3]a = a\ Hiro3]^ where [32NO^ ] A is the total concentration of 
nitric acid in the aqueous phase.
A plot of the quantity [HNO^q - [ T O A ] a g a i n s t  
2[T0A]^ .oi.al - [HH03]q should he linear and of slope K1 a2[ M 0^  from v;hich 
may he calculated using values of a taken from [14&]*
Such a plot is shown in Fig. 16 for two different values of aqueous 
acid concentration.
The values of K?* obtained from Fig. 16 are 0.21 and 0,19»
3.3 Competitive extraction of hydrofluoric and nitric acids
Since it has been postulated that lsl solvates are foimed between both 
nitric and hydrofluoric acids and TIT it was decided to attempt to confirm 
the existence of these solvates by displacing one acid from its solvate in 
TBP solution by the other acid. If both acids form the same type of solvate 
it would be anticipated that one mole of acid would displace one mole of the 
other.
A dilute solution of TBP was saturated with hydrofluoric acid by 
equilibration with several volumes of 15M aqueous hydrofluoric acid. The 
organic phase was then separated off, and its acid content was determined 
in the usual manner. This solution of hydrofluoric acid in TBP and kerosene 
was then re-equilibrated with an aqueous solution containing a mixture of 
hydrofluoric acid (ifjM) and nitric acid. The phases were separated, and the 
concentrations of nitric and hydrofluoric acid in the organic phase was 
determined.
Under these conditions, since the organic phase is already saturated 
with hydrofluoric acid no transfer of hydrofluoric acid between phases should 
occur, The nitric acid will, hov/ever, extract independently and will displace 
some hydrofluoric acid which will back extract into the aqueous phase.
Results are shown in Table 17 for various concentrations of nitric 
acid. It can be seen that one mole of nitric acid displaces approximately 
1 mole of hydrofluoric acid under the conditions used, although at higher 
nitric acid concentrations rather more hydrofluoric acid is displaced per
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mole of nitric acid extracted. This is probably due to the fact that at 
higher concentrations? the process involved is more complex than a simple 
displacement3 although it may also indicate the presence of a higher solvate3 
e«g. HNO^TBPjg at higher nitric acid concentrations.
It may be noted that at higher concentrations it was found previously 
that more nitric acid was extracted into TBP than corresponded to the lsl 
solvate. (Section 3.2)
It was not possible to carry out similar measurements on the HDEHP 
system since5 as the partition coefficients are much lower in this system* 
saturation of the solvent cannot be achieved.
(a,) Tri-n-'butyl phosphate system
Experiments were carried out to investigate the extraction of 
(3,) hydrofluoric acid from aqueous solutions containing nitric acid and,
(h) nitric acid from aqueous solutions containing hydrofluoric acid, "by 
0.72.8M TBP in kerosene.
For (a) results are shown in Table 18 and Pig# 18 for hydrofluoric 
acid extraction from aqueous solutions containing 2.24M nitric acid. At 
low concentrations of hydrofluoric acid in the aqueous phase, the partition 
coefficient for hydrofluoric acid extraction is enhanced by the presence of 
nitric acid, while at higher concentrations, the partition coefficient is 
depressed.
At low concentrations aqueous hydrofluoric acid is ionized to a small 
but appreciable extent (dissociation constant for HF = 7*2 x 10 )^. This 
ionization is repressed by the presence of the strong acid (nitric acid)*
Since the extracted species is the HF molecule (possibly solvated with water), 
the concentration of this is increased, and the extraction is correspondingly 
enhanced.
It must be noted, however, that at 0*5M hydrofluoric acid 
concentration the presence of 2.2M nitric increases the extraction by 
an amount considerably greater than the increase to be anticipated merely on 
account of repression of ionization.
At higher concentrations of aqueous hydrofluoric acid, the depression 
of the partition coefficient is probably due to competition, between the 
nitric and hydrofluoric acid for the available TBP, since at concentrations 
of above about 4^ in aqueous acid, the TBP solution is $0% saturated.
For (b) results are shown in Fig. 19 and Table 19*
At all concentrations the nitric acid partition coefficient is 
depressed by the presence of 2M hydrofluoric acid. This is probably due to 
simple competition between the two acids for the available TBP. It can be 
seen that at aqueous concentration of nitric acid up to 4*5^ the extraction 
graph is almost linear and the partition coefficient is almost constant.
At 7^ aqueous nitric acid concentration, the TBP phase is almost saturated,
(b) Di(2-ethylhexyl)phosphate system
Similar experiments were carried out using undiluted HDEHP as 
extractant. Table 20 and Fig. 20 show that the extraction of hydrofluoric 
acid from aqueous solution is slightly depressed by the presence of nitric 
acid and the depression becomes larger as the proportion of nitric acid 
increases. This is probably due to competition between the two acids for 
the available extractant. The effect is small since the extractant is far 
from saturated at even the highest acid concentrations.
Table 21 and Fig# 21 show that, in contrast to the corresponding 
TBP system the extraction of nitric acid is considerably enhanced by the 
presence of hydrofluoric acid even at high acid concentrations.
—66—
At an aqueous concentration of 6M nitric acid in the 
presence of 6M hydrofluoric acid the partition coefficient for nitric acid 
is increased hy 65$ over its value ror 6M nitric acid in the absence of 
hydrofluoric acid. Furthermore, the extraction curve for nitric acid 
becomes linear in the presence of 6.3M hydrofluoric acid, and the partition 
coefficient is constant.
S E C T I O N  4 
EXPERIMENTAL RESULTS ON THE
EXTRACTION OP URANIUM
(A.) Extraction of Uranium
(4.1) Tri-n-butylnhosnhate system
Uranium is not extracted from pure fluoride solution by 
TBP. A series of aqueous solutions of uranyl fluoride containing various 
concentrations of added hydrofluoric acid were equilibrated with solutions 
of TBP in kerosene* In no case did extraction occur: the concentration
or uranium in the organic phase, and hence the partition coefficient, was
zero in all cases. This is in contrast to the behaviour of uranium(vi) 
in chloride or nitrate solutions where the uranium is extracted quite 
strongly into TBP solutions [36,79].
It was decided therefore, after a short preliminary study on 
extraction from nitric acid alone, to investigate the effect of added 
fluoride on the extraction of uranium(Vl) from nitrate solutions.
(a) Extraction of Uranium(Vl) from pure nitric acid solutions
The results of experiments to determine the variation of the
partition coefficient with aqueous nitric acid concentration are shown in 
Table 22. A plot of against aqueous nitric acid concentration is shown 
in Pig. 22.
The partition coefficient for uranium rises first with increasing 
aqueous acidity, reaches a maximum at about 5M aqueous acidity, and then 
decreases with further increase of aqueous acidity. The initial increase 
may be attributed to the salting out effect of nitric acid on the extraction
process - this effect has "been reported for many other extracting solvents.
Alternatively it may be attributed to the displacement of the equilibrium
UO^NO^)^ UC>22+ + 2N0^ to the left, thus providing
a greater concentration of UO^HO^)^ -which is the extractable species*
The subsequent decrease may be attributed to competition between nitric
acid ( which is present in large excess) and uranyl nitrate for the
available TEP, or to the formation of the anionic complex [UO^(HO^
 ^ «✓ ✓
which is not extracted into TBP.
The results of experiments to determine the variation of partition 
coefficient with extractant concentration at constant aqueous acidity are 
shown in Table 23. The aqueous acidities chosen were 4M and 6M, since in 
this region the partition coefficients are least sensitive to small varia­
tions in aqueous acidity and furthermore the extraction of uranium is at 
a maximum (for a given extractant concentration) which enables very dilute 
solutions of TBP to be used. The solutions of TBP in kerosene were 
brought to equilibrium with aqueous nitric acid solutions of the appropriate 
concentrations (4 or 6M) before use. A logarithmic graph of the uranium 
coefficient, Ku, against total concentration of TEP in the organic phase 
is shown in Fig.23* A straight line of slope close to two is obtained 
for both values of aqueous acidity. This indicates that uranium exists 
in the organic phase primarily as a disolvate UO^NO^^-CTBP^ which is 
in agreement with the results of previous workers [8,79]* In these 
experiments the total concentration of uranyl nitrate was small, the
maximum concentration reached in the organic phase was x 10 M« The 
amount of TBP combined with uranyl nitrate in the organic phase is there­
fore only a small fraction of the tctal TBP concentration and hence only 
a small error is introduced in equating total TBP to ?free* TBP.
(b) Extraction of Uranium(vi) from nitric acid solution 
containing hydrofluoric acid 
Although uranium cannot be extracted from solutions of pure 
hydrofluoric acid, extraction does take place in the presence of nitrate 
ion. This may be provided either by dissolving uranyl nitrate in 
hydrofluoric acid solutions or by adding nitric acid to solutions of 
uranyl fluoride in hydrofluoric acid.
Two series of measurements were carried out;
(i) A series of solutions of uranyl nitrate of different 
concentrations but of the same strength in hydrofluoric acid (CU045M) were 
equilibrated with a solution of TBP in kerosene (0.725M) and partition 
coefficients for uranium determined in the usual manner. In addition, 
the aqueous phase was analysed for fluoride. Results are shown in Table 24 
A graph of the uranium partition coefficient against the fluorides 
uranium ratio in the aqueous phase, is shown in Pig. 24. The value of the 
partition coefficient K^, drops rapidly with increase in the ratio 
and approaches zero near the value [p]^/[u ]^ = 2. This drop in uranium 
extraction is due mainly to increasing complexing of the uranium by 
fluoride ion.
The value of the ratio [f]^/[u ]^ at zero uranium extraction may 
indicate the formation (as a predominant species) of UOgFg, which is known 
to be inextractable into TBP.
(ii) A series of solutions of uranyl nitrate in 1M nitric acid 
containing varying concentration of hydrofluoric acid were equilibrated 
with a solution of 0.725M TBP in kerosene. Both phases were analysed for 
uranium and fluoride. The results are shown in Table 25 and a graph of 
Kjj against aqueous fluoride concentration is shown in Pig. 25. Again, 
the value of the uranium partition coefficient decreases rapidly as the 
aqueous fluoride concentration increases, although in this case, owing to 
the presence of an excess of nitric acid, the extraction does not drop to 
zero even in the highest fluoride concentration used O ] /  [u]A = 11.9.
The values of fluoride distribution are shown in Table 25A* In all 
cases the fluoride partition coefficient is rather lower than at the 
corresponding concentrations in the presence of 1M nitric acid in the 
absence of uranium (from Pig. 18). This implies that the uraniiaa 
is extracted as uranyl nitrate only and that the fluoride is extracted 
independently as hydrofluoric acid and not as a fluoride/nitrate complex,
such as UO-F.NO,.
2 3
Further experiments were carried out to investigate the effect of 
the presence of uranium on the extraction of hydrofluoric acid.
.(c) Extraction of hydrofluoric acid from solution containing 
uranium.
A series of solutions of uranyl nitrate containing a constant
initial concentration of hydrofluoric acid were equilibrated with a 
solution of TBP in kerosene (0.725M). Results of partition measurements 
are shown in Table 26.
A graph of against aqueous uranium concentration is shown in J!
Pig. 26 for two different initial concentrations of hydrofluoric acid.
In each case the fluoride partition coefficient drops rapidly 
initially with increasing aqueous uranium concentration and then falls 
more slowly.
Since the uranium and fluoride concentrations are both low, the 
effect must be due to increasing complex formation between uranyl ion and 
fluoride rather than to competition between hydrofluoric acid and uranium 
for the available TBP.
At the point marked A in Pig. 26, the gradient of the fluoride 
extraction curve shows a sharp decrease. At this point the aqueous uranium 
concentration is 0.9M and the fluoride partition coefficient is about 
0.08 which corresponds (since the total fluoride concentration is 0.180M) 
to an aqueous fluoride concentration of 0.176M. The ratio xs
therefore close to the value of 2.
This may indicate the initial rapid formation of'the species 
^2^2 (^nex^rac^a^^e) resulting in a large decrease in free hydrofluoric 
acid concentration and the corresponding decrease in fluoride extraction.
Further decrease in fluoride extraction is then due to progressive
-  2—formation of further uranyl fluoride complexes and ^OgF^ •
The critical nature of the ratio [f]./[u ] = 2 has been shown
xi, A
before [Section^Kb)] where it was observed that in the absence of nitric
acid, extraction of uranyl nitrate approaches zero on the addition of fluoride
as the ratio approaches the value of 2.
4«2 Di-(2-ethylhexyl) -phosphate system
Uranium can be extracted from pure fluoride solutions into HDEHP and
its solutions in benzene, in contrast to the TBP system where uranium can
only be extracted from fluoride solution if nitrate ion is also present,
(a) Variation of partition coefficient with aqueous acid concentration,.
Dilute solutions of uranyl fluoride containing various concentrations
of hydrofluoric acid were equilibrated with a solution of HDEHP in benzene
(0*03M) and partition coefficients for uranium were determined in the
usual manner. Results are shown in Table 27 and Pig.27* The partition
coefficient decreases rapidly with increasing aqueous acidity*
This decrease in uranium extraction with increasing aqueous acidity
suggests that an ion-exchange mechanism may be responsible for the
extraction. Such a mechanism, of the type
UO 2+ + 2HDEHP .==&• UCh(DEHP). + 2H* where (DEHP) represents the2a _ X —  2 A
C^8H17°^2P02 ion has been suggested by Baes [22] to explain his results
on the extraction of uranium from perchlorate solution.
For this equilibrium, the equilibrium constant K 1 is given by
K' = [uo2(ebhp)230[h+1a
[u°22+]a [HDEHP]2
If the concentration of uranium in the organic phase is small compared
considered to he proportional to the uranium partition coefficient K>j if 
fluoride completing of the uranium is neglected or, at least9 is regarded as 
a constant hut unknown factor.
Hence the partition coefficient for uranium should he proportional 
to the square of the extractant concentration and inversely proportional to 
the square of the hydrogen ion concentration in the aqueous phase*
Since the uranium concentration in the aqueous phase is small 
compared with the hydrofluoric acid concentration, the hydrogen ion 
concentration in the aqueous phase may he calculated without much error 
from the known ionization constants of pure hydrofluoric acid*
A logarithmic plot of uranium partition coefficient against aqueous 
hydrogen ion concentration is shown in Fig* 27A. The points fall close to 
a straight line of slope -2, thus showing that the hydrogen ion dependency 
of the uranium partition coefficient corresponds with the postulated 
mechanism,
(h) Variation of partition coefficient with extractant concentration, 
A series of aqueous solutions of uranyl fluoride containing the
with the total extractant concentration, [EPEE?] may he equated to the total
2 * 4 *
extractant concentration. Further the ratio [uO^BEHPJ^JqA ^ ^  may
Hence K
[hbehp]^ 
k 'c [hbehp]q
[H+]
.+-i2
same concentration of hydrofluoric acid were equilibrated with a series of 
dilute solutions of HDEHP in benzene, In each case the organic phase was 
analysed for uranium and the ratio [hDEHP]q/[u ]q was determined* Results 
are shown in Table 28. A plot of this ratio against the concentration of 
uranium in the organic phase is shown in Pig.28. It is apparent that, as 
the extractant concentration decreases, the mole ratio of extractant to 
uranium, [hDEHP]q/[u]q also decreases and approaches a value of two* This 
provides evidence that the uranium species in the organic phase contains 
two moles of extractant per mole of uranium. A logarithmic plot of 
uranium partition coefficient against total HDEHP concentration is shown 
in Pig, 28A. The graph is a straight line of slope two, at the higher 
extractant concentrations although the points fit less well at the lower 
extractant concentrations. This might be expected since at these lower 
concentrations the extractant solution of uranium is approaching saturation.
This proportionality between the uranium partition coefficient and 
the square of the total extractant concentration at constant aqueous 
addity again agrees with the suggested mechanism of extraction*
In view of the known dimeric nature of HDEHP in benzene, it is 
probably more correct to write the extraction mechanism as
[tJO*+]A+ 2[(HDEHP)2]Q [U02(DEHP)2(HDEHP)2]q
in which the complex UO^CDEHP)^ is present in the organic phase as a
solvated species, that is, the HDEHP is acting simultaneously as a 
complexing agent and as a solvating agent*
This,however, does not affect the fundamental ion-exchange mechanism. 
The limiting value of the ratio [HDEHP]^ observed in this system at high
[u]2
uranium and low extractant concentrations indicates that under these 
conditions the complex UO^DEHP),^ can exist in benzene solution in an 
unsolvated form. Thus, while at very low uranium concentrations and high 
extractant concentrations, the species in the organic phase is probably 
almost entirely UO^CDEHP)^ (HDEHP)at high uranium and low extractant 
concentrations the species is the unsolvated UO^DEHP)^.
(c) Co-extraction cf hydrofluoric acid and uranium.
A series of concentrated (0,2M) solutions of uranyl fluoride containing
hydrofluoric acid were equilibrated with a solution of 0.2M HDEHP in benzene.
The organic phases were analysed for fluoride after phase separation. In
no case was any detectable amount of fluoride present in the organic phase,
+ .This seems to preclude the possibility that a species such as UO^F is 
extracted, since, if this were the case, appreciable quantities of fluoride 
should be present in the organic phase at high concentrations of uranium.
The quantity of fluoride co-extracted as hydrofluoric acid from solutions 
by 0.20M HDEHP solution is very small 0.002) and the fluoride
concentration in the organic phases is too low for analysis.
The failure of uranium to extract at aqueous acidities above 1*5M
(see Fig. 27) is probably due to increasing complex formation between 
fluoride and uranium to form anionic complexes such as [UO^F^] , [UC^F^] 
which cannot be extracted by the suggested ion exchange mechanism since 
the extractant can function only as a cation exchanger.
(d) Preparation of solid compound of uranyl fluoride and HDEHP 
It was found that if concentrated solutions of uranium solution in 
HDEHP and benzene (obtained by equilibrating solutions of uranyl fluoride 
with the organic extractant) were allowed to stand for several weeks, a 
small quantity of a bright yellow solid separated out. After washing 
with small quantities of acetone (in which the substance was found to be 
insoluble) to remove entrained benzene and HDEHP, the compound was 
analysed qualitatively and found to contain uranium, phosphorus and carbon. 
Several methods were tried to obtain larger amounts of the substance, and 
the following method was found to be successful.
The sodium salt of HDEHP was prepared by adding the calculated 
quantity of sodium hydroxide solution to a solution of HDEHP in benzene, 
when the sodium salt precipitated out as a gelatinous solid. The material 
was filtered off under suction and washed well with water to remove any 
entrained alkali. The substance was insoluble in benzene but soluble in 
acetone* The salt was dissolved in acetone and an aqueous solution of 
uranyl fluoride was slowly added. A pale yellow precipitate was obtained. 
This material was filtered under suction, washed well with water and acetone, 
and finally dried in a vacuum desiccator. The final product was a
gelatinous mass and even after several recrystallisations from a mixture 
of benzene and acetone the gelatinous character persisted.
Analysis of this compound gave C = 43,2$, U = 24.2$, P = 7o87$»
From the results obtained in the solvent extraction experiments it 
would appear that the compound is UO^CDEHP)^, i.e.(CgH^Oj^PO.O.U^OAJPCCgH^O^ 
For this compound the calculated proportions are 0=42.1$, U = 26.2$,
P = 6.81$.
Thus the experimental values for the compound are in fair agreement 
with the formula UO^DEHP)^.
A similar compound has been prepared by Peppard and Ferraro [29] 
from uranyl nitrate and HDEHP using a rather different method.
An attempt was made to determine the molecular weight of this 
compound by a cryoscopic method using benzene as solvent. This was 
unsuccessful since the depression of the freezing point was extremely small, 
indicating that the compound haJ a very high molecular weight, much higher 
than the simple formula UO^CDEHP)^. It must, therefore, be polymeric which 
would seem to be in agreement with the general sticky and gelatinous nature 
of the material.
(Ao5) Tri-octylamine System
(a.) Variation of partition coefficient with aqueous acid concentration 
A series of dilute aqueous solutions of uranyl fluoride containing 
various concentrations of hydrofluoric acid were equilibrated with equal 
volumes of a solution of tri-octylamine in xylene. (o»23M). After 
separation, both phases were analysed for uranium. Results are shown 
in Table 29.
A graph of uranium partition coefficient against aqueous acid
concentration is shown in Pig. 29* This shows that the uranium partition
coefficient increases very rapidly with hydrofluoric acid concentration over
the range 0 to 0.5M.
Above this concentration, the partition coefficient decreases rapidly
up to 4M aqueous acidity and then continues to decrease more slowly.
On equilibration with aqueous solutions containing hydrofluoric
acid, the amine solution will initially take up hydrofluoric acid to
form the amine salt, which, on the basis of results discussed in a previous
section is probably the salt of the dimeric hydrogen fluoride molecule 
*
R-RH.HF , which seems to be formed in preference to the salt of the monomeric 
^ + - 
hydrogen fluoride molecule R„NH F even ax relatively low concentrations of
j
hydrofluoric acid. The initial rapid rise of uranium extraction thus 
parallels the formation of the amine salt. This seems to indicate that 
it is the salt, and not the free amine which is responsible for the extraction 
or uranium,
-SO-
On this basis it might be expected that the maximum extraction 
of uranium would occur when the organic phase contains enough hydrofluoric 
acid to convert the amine into salt completely, but not sufficient to form 
any appreciable concentration of the species [TOA.H^F^] .HF. At the 
concentration of amine used (0.23M) this concentration is achieved when 
the concentration of hydrofluoric acid in the organic phase is 
2 x 0.23 = 0.46M.
By interpolation between the curves shown in Fig. 7» it can be seen 
that this organic phase acid concentration corresponds to an aqueous acid 
concentration of about 0.8M. Reference to Fig. 29 shows that this is 
approximately the aqueous acidity at which the partition coefficient for 
uranium is a maximum, although the exact concentration concentration cannot 
be accurately determined owing to the very rapid variation of partition 
coefficients with aqueous acidity in this region.
In the range of aqueous acidities, 0.8 to 4M, the pronounced decrease
in uranium extraction as the aqueous acid concentration is increased is
probably the result of competition between the hydrofluoric acid and a
uranium containing species for the available amine salt. This reduction
in uranium extraction does not imply that the complex formed between 
\QCtd
hydrofluoriCi\ and the amine salt is more rapidly formed than the extracted 
complex containing uranium but merely reflects the fact that under the 
conditions employed the hydrofluoric acid is present in large excess.
At aqueous acidities above 4M\ the organic phase is close to
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saturation with hydrofluoric acid and the uranium partition coefficient 
is much less sensitive to variation in the aqueous acid concentration* /
(D). Variation of partition coefficient with aqueous uranium concen­
tration
A series of solutions containing the same concentration of hydro­
fluoric acid hut different concentrations of uranyl fluoride were equilibrated 
with equal volumes of a 0.3M.solution of TOA in xylene, previously 
equilibrated by contact with an aqueous solution of the appropriate strength 
hydrofluoric acid# Partition coefficients were- determined in the usual 
manner and results are shown in Table 30# This table shows that, at 
constant aqueous acidity, the partition coefficient decreases with increasing 
aqueous uranium concentration. Prom Pig. 30, it is apparent that the 
concentration of uranium in the organic phase approaches a limiting value 
and this value is approached more rapidly at the lower aqueous acidity since, 
under these conditions, uranium extraction is greater. This limiting 
value is seen from the graph to be close to 0.3M., which is the same as the 
concentration of amine employed. The implication is, that at high 
concentrations of uranium in the organic phase, each mole of uranium is 
associated with one mole of amine (or amine salt, as it is under these 
conditions), A further series of experiments was carried out to investi­
gate this further.
(c) Variation of -partition coefficient with extractant concentration 
A series of solutions of uranyl fluoride containing a constant 
concentration of hydrofluoric acid were equilibrated with dilute solutions . 
of TOA in xylene of different concentrations. Each TOA solution was 
pre-equilibrated before use by shaking with a solution of the appropriate 
concentration of hydrofluoric acid, containing no uranium, to ensure that 
the acid Concentration would not vary during the uranium extraction 
experiments, due to co-extraction of hydrofluoric acid by the amine* This 
is particularly important at the lower acidities since in the region below 
4M, aqueous acid, the partition coefficient is extremely sensitive to small 
changes in aqueous acid concentration.
Results are shown in Table 31 for three aqueous acidities. A 
logarithmic graph of partition coefficient plotted against total extractant 
concentration give a straight line of slope close to unity for all acidities 
used (Fig. 3l).
It is probably better to plot the quantity "free TOA" rather than 
total TOA if "free TOA" is calculated on the assumption that the only 
uranium containing species present is a 1:1 TOA-uranium species, A 
straight line plot of slope unity is again obtained.
The direct proportionality of partition coefficient and extractant 
concentration provides further evidence that, in the organic phase, one 
mole or uranium is associated with one mole of uranium.
It is generally considered that long chaim amines extract metals
from aqueous solutions by an anion exchange mechanism, i.e. that the 
extracted species is an anionic complex of the metal.
The amine cation has unit positive charge, and the number of amine 
molecules associated with each metal atom must equal the charge on the 
extracted complex ion, if the complex ion contains only one metal atom, 
i.e., is mononuclear.
Since in the experiments described the concentration of uranium 
was kept low, (0-.06M.) it is not considered that polynuclear complexes are 
likely to exist under these conditions. S. Ahrland[l35] has studied 
complex formation between uranium(Vl) and fluoride and found no evidence 
for polynuclear complexes at metal concentrations below 0.01M. He found 
evidence for the existence of the complex anions [UO^F^] and [UC^F^]^ »
The experimental evidence implies that the extracted uranium anion 
carries one negative charge and the complex ion extracted into TOA under 
the conditions employed in the experiments, described previously, seems
therefore to be [U0-F_] and the extraction process may be written formally.
2 3
(tJ02F3_)A + + ( H V h *
(R = octyl).
From Fig. 31 it can be seen that the partition coefficient for 
uranium is dependent on the first power of the extractant concentration 
even at high acidities (7M.). There is no evidence that the species 
[UO^ F^ ]^ "* reported by Ahrland[l35] is extracted.
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This may be due to the fact that in concentrated hydrofluoric acid 
solution the concentration of simple fluoride ion is very small; the 
fluorine being present mainly as or more condensed species such as
-  z-
H^F„ - HJh and the complex UO-F.v is not formed at high hydrofluoric 
2 ; ; 4 4
acid concentrations.
It is not considered likely that the ion HF^ will form stable complexes 
with uranium(VI). Ahrland[l35] found no evidence for such complexes 
although, of course, his work did not extend to very high concentrations of 
hydrofluoric acid.
The mechanism of extraction explained above also offers an additional 
explanation of the pronounced decrease in uranium extraction with increasing 
aqueous hydrofluoric acid concentration. In the presence of a large 
concentration of the ion HF^ , the equilibrium of the reaction 
(UO^F^ )^  + (R^NH.HF2)0 (R^M.U02F )^0 + (HF2")a will be displaced*
towards the left and the concentration of the species (R^NH.UOgF^Q will 
decrease, that is, the concentration of uranium in the organic phase will be 
decreased.
It was decided to investigate briefly the effect of added sodium 
fluoride on the extraction of uranium from hydrofluoric acid. Partition 
measurements were carried out in the usual way except that the initial 
pre-equilibration of the TOA solutions was carried out using solutions of 
sodium fluoride in hydrofluoric acid instead of pure hydrofluoric acid.
Results of partition measurements carried out at an aqueous acidity 
of 0.20M. with varying TOA concentrations are shown in Table 32,
Comparison with Table 31 shows that extraction is enhanced slightly by 
the presence of sodium fluoride in the aqueous phase. Fig, 32 shows that 
a logarithmic plot of Ku against TOA concentration gives a straight line 
of slope rather greater than unity.
This may provide some evidence that at high concentrations of 
fluoride ion, an anion of charge 2 contributes to the uranium extraction. 
However, this evidence is not conclusive since the increase in partition 
coefficients over those obtained in the absence of sodium fluoride may 
be due to effects other than increasing complexing of uranium and particul­
arly to the salting out effect due to hydration or activity variations in 
the aqueous phase.
The presence of a strong electrolyte may cause some dehydration of 
the extractable complex ion, resulting in enhanced solubility of this ion 
in the organic phase. The presence of sodium fluoride will, of course* 
also cause an appreciable change in the ionic strength of the aqueous phase 
and thus will affect the activity coefficient of the extracted species.
PHYSICAL MEASUREMENTS
HDEHP and TOA
■oate$i***aae*eeBS*sesee9*s*aaes6%ss»
The conductivity of nitric acid solutions in pure HDEHP was measured* 
At all nitric acid concentrations the conductivity is very low but is 
somewhat higher at the lower acid concentrations (0.2 M HNO^ molar con­
ductivity/--!. = 8,2 x 10 0.8 M HNO^ = 3*7 x 10 ^ohm ^cm.^)»
Measurements of the conductivity of nitric acid solutions in TBP 
have been made by Alcock and co-workers [1]. Again the conductivities are 
low but rather higher than at the corresponding concentrations in HDEHP 
solution. This can probably be attributed in part to the much higher 
viscosity of HDEHP compared with TBP*
Some measurements were made on the conductivity of hydrofluoric acid
solutions in both TBP and HDEHP using a conductivity cell coated internally
—3 —1 2
with paraffin wax. Conductivities were always low ( A  <^10 ohm cm, )«
No precise values can be reported since some difficulty was experienced due 
to the tendency of the hydrofluoric acid solution to attack the platinum 
black coating of the electrodes.
Conductivities of nitric acid and hydrofluoric acid in TOA were also 
low; the values of for nitric acid at all concentrations were of the 
same order as those for HDEHP and even lower for hydrofluoric
These results seem to indicate that, in each solvent, the hydro­
fluoric and nitric acids are substantially unionized. The only dielectric 
constant which has been reported is for TBP -(D = 13) [1] which would 
suggest a low degree of ionization in this solvent.
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The infra-red absorption spectra of solutions of hydrofluoric acid 
in undiluted TBP was measured. Typical spectra are shown in Fig.33 together 
with the spectrum obtained from pure TBP saturated with water.
Of particular interest is the absorption peak in the region of
-1 -1
1270 cm, • In pure TBP a peak occurs in this region (1280 cm. ) which is
attributed to the P ^ 0 stretching frequency and in TBP saturated with 
water, this peak is shifted slightly towards the lower frequencies (1270 cm, 
The spectrum of solutions of hydrofluoric acid in TBP shows a similar peak 
which is in the same position (1270 cm, 1) for solutions containing only 
small concentrations of hydrofluoric acid but which progressively shifts 
towards lower frequencies as the concentration of hydrofluoric acid is
increased. At a concentration of kM. in hydrofluoric acid, the peak has
~1 -1 
shifted to 1230 cm, , a total shift of 50 cm. . A similar shift has been
observed for solutions of nitric acid in TBP [ 30J • Here, huywever, the
shift is somewhat larger, the P — 0 peak for a solution of nitric
-1 . ~1
acid in TBP occurs about 1195 cm. , a total shift of 73 cm. .
Infra-red absorption spectra of TBP solutions of hydrofluoric acid
-1also show a broad band at about 1700 cm. which has been attributed to 
the [P]-0H deformation. It has not been observed for nitric acid solution 
in TBP but, in this case, it would be masked by absorption due to molecular 
nitric acid.
It is considered that the decrease in frequency of the P — & 0 
stretching frequency combined with the appearance of the band due to 
[P]-OH deformation shows that the hydrofluoric acid molecule is bonded to 
the phosphoryl oxygen atoms by hydrogen bonding.
BO
RO ' P = 0 .... H - F
EO x
(k) 2-ethyl hexyi) phosphate system
A typical infra-red absorption spectrum of HDEHP containing dissolved 
hydrofluoric acid is sho?m in Eig.3h-9 together with the spectrum of HDEHP 
saturated with water*
In pure (water saturated) HDEHP the absorption peak attributed to
—q
the P -— ^ 0 stretching frequency occurs at 1225 cm* * It is known [20]
that HDEHP exists in a dimeric form in solutions in inert diluents. The
—1
lower value for the P 0 stretching frequency in HDEHP (1225 cm* ) as
compared with TBP (1280 cm,,""1) is additional evidence for this dimerization* 
The dimer (HDEHP)2 is represented as 
0 *** H —  0
\
(so)2Px  y p<0R>2
0 —  H ... 0
In the presence of increasing concentrations of hydrofluoric acid, 
the peak associated with the P — ^ 0 stretching frequency shifts progressive^
towards lower frequencies. At a hydrofluoric acid concentration of 1M 
(the highest attainable), the peak has shifted to 1210 cm, which can be 
attributed to hydrogen bonding between the hydrofluoric acid molecule and 
the HDEHP molecule* A similar shift of the P — 7* 0 frequency has been
observed for solutions of nitric acid in HDEHP [30]* In this case, however,
/ -1 -lx
the shift is larger (1225 cm* to 1195 cm, ) at a nitric acid concentra­
tion Of 1M.
It is not possible to conclude from the infra-red data whether the 
hydrofluoric acid molecule binds itself via a hydrogen bond to one of the 
oxygen atoms of the dimer (HDEHP)2 or whether this dimer is broken to 
form a new hetero-dimer such as
R0
R0~^ P = 0 ... H - F ... HO
\  _ N ...OH
OH *«<>cee»eB*** 0 — P,
x OR.
It is thought, hoY/ever, that since the shift P — t 0 frequency
is small, the dimer is not broken. The very broad band in the region 
-12360 - 2700 cm, attributed to the [ P] - OH stretching motion is maintained 
on the addition of hydrofluoric acid,
(o) Trioctylamine
A typical infra-red absorption spectrum of the tri-n-octylamine 
is shovm in Fig.35* together with the spectrum of TOA containing hydro­
fluoric acid.
With increasing concentration of dissolved hydrofluoric acid a
rather weal: and ill-defined shoulder at about 2700 cm* appears-, This
shoulder is absent from the spectrum of pure TOA, but a band in a similar
position is observed in the spectrum of typical amine salts, e.g. for
-1  ^ •methylamine hydrochloride a rather week, band occurs as 2730 cm. end is
+
attributed to the N - H stretching frequency.
The appearance of a S - H stretching frequency in the spectrum of
TOA containing hydrofluoric acid seems to confirm the conclusion that the
fluoride is present as the amine salt which, on the basis of evidence 
previously described., is formulated as *
Since the H - 3f stretching frequencies are obscured by strong 
absorption due to the unavoidable presence of water, information on the 
possible structure of the compound ].HF previously suggested,
cannot be obtained from the infra-red measurements*
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S E C T I O N  6
GENERAL DISCUSSION
6,1 Extraction of_inorganlc acids
On the basis of the results discussed so far, it seems that the 
mechanism of extraction for both nitric and hydrofluoric acids into TBP and 
HDEHP is basically similar.
In each case it is suggested that the acid extracts into the organic 
phase as an uncharged molecular species to form a solvate of definite com­
position.
The process may be considered from two points of view. Since the 
organic extractant has a finite but very low solubility in the aqueous 
phase it may be suggested that the extracted species is formed first in 
the aqueous phase and is then distributed between the two phases with a Very 
large distribution coefficient in favour of the organic phase. Alterna­
tively, the extraction process may be considered as a heterogeneous chemical 
reaction in which interaction between the molecules or ions of the acid 
initially in the aqueous phase and the organic extractant occurs only at 
the interface between the phases.
Both of these views lead to the same final result and the same 
quantitative equilibrium conditions, Generally the second concept has 
been used in interpreting the results obtained in this work.
The extraction of nitric and hydrofluoric acids by TBP may be re­
presented as :
HFa + TBP aras HF(TBP)qo
hT + N0, + tbp„ hno,(tbp)„.
*A ' 3 0
The equilibrium constants for these reactions have been found ex­
perimentally as sho?m previously. The partition coefficients for the two 
acids are of the same order, those for nitric acid being slightly higher*
It is considered that the bonding in these solvates is predominantly 
hydrogen bonding between the phosphoryl oxygen alone and the hydrogen atom 
of the acid molecule•
For both acids at very high concentrations the situation is undoubt­
edly more complicated than this since more acid dissolves in the extractant 
than can be accounted for on the basis of 1 ; 1 solvate formation*
For hydrofluoric acid solutions, it is not possible, from the results 
obtained, to conclude whether the excess hydrofluoric acid extracts as a 
dimer to give a solvate such as I^Fg.ClBP) or whether the excess acid 
dissolves physically without formation of a definite solvate. At high 
concentrations of dissolved acid the dielectric constant of the extractant 
solution will be raised considerably and this may result in enhanced physical 
solubility of hydrofluoric acid*
For nitric acid, formation of a dimer is not possible, and although 
the formation of a lower solvate (HNO^^CtBP) may be postulated, the con­
ductivity and viscosity data in solutions of nitric acid in TBP obtained
by Alcock et al. [1] show a substantial increase in ionization of the acid 
at high concentrations in TBP, This seems to support the idea that the 
additional nitric acid dissolves physically, due presumably to an increase 
in the dielectric constant of the medium. In the presence of an inert 
diluent, the effect of dissolved material on the dielectric constant of 
the organic solution will be much less since the major ’contribution* to 
the resultant dielectric constant will be provided by the diluent. Consid­
eration of results shown in Figs. 1 and 10 sIkw that for both nitric and 
hydrofluoric acids the amount of ’excess’ acid which dissolves over and above 
the 1 : 1 ratio between acid and extractant decreases with extractant dilu­
tion at any fixed aqueous acid concentration.
For HDEHP extraction, the partition coefficients are lower than those 
observed at corresponding concentrations in the TBP system. The extraction 
of hydrofluoric acid has been r epresented by the equation s
HP. + (HDEHP) ^  HF(HDEHP)9 
0 0
and a value has been obtained for the stability constant of the species 
HF(HDEHP)2* extraction of nitric acid appears to follow a similar
mechanism.
Infra-red absorption data discussed in the previous section show 
that the structure of the acid solvates HF(HDEHP)2 (HDEHP)g involves
hydrogen bonding between the acid and a phosphoryl oxygen atom in the ex­
tractant molecule, but as was discussed in Section 5*2(b) no definite
conclusion as to the exact nature of this bonding can be reached on the 
evidence available0
The mechanism of acid extraction by tri-n-octylamine is completely 
different and may be considered as a two-stage process.
The initial process is the formation of the amine salt of the acid, 
which is preferentially soluble in the organic phase»
It has been shown in the work described previously that, for nitric 
acid extraction, this salt is R^NH.NO^ m  agreement with previous workers, 
but, for hydrofluoric acid extraction, the salt is Once this
salt has been formed, the solution of amine salt in hydrocarbon diluent is 
able to extract more acid from the aqueous phase, In the case of hydro-
' I.
fluoric acid it might be suggested that the additional hydrofluoric acid is 
extracted by the amine salt with the formation of an additional hydrogen bond 
between the hydrogen fluoride molecule and the HFg -^on f°**m
[F.,.H - F],.*H - F, However, the rather similar extraction behaviour 
of nitric acid cannot be explained on these terms so it appears that some 
alternative explanation is necessary, .Although it has been shown that the 
amount of acid extracted per mole of amine salt approaches 1 mole as the 
aqueous concentration is increased, it must be noted that this amount is 
exceeded at high aqueous concentrations ( >  10M). It is therefore possible 
that the additional acid extracted by the amine salt is merely physically
dissolved and is not combined with the amine as a solvate0
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6.2 Extraction of uranium
Unlike uranyl nitrate or chloride, uranyl fluoride is not extracted 
into TBP* It has been shown that in the case of uranyl nitrate [79] or 
chloride the extracted species is the neutral molecule or UOgClg*
Measurements by Johnson and Kraus [129] on aqueous solutions of uranyl 
fluoride show that this compound is a weak electrolyte and is only slightly 
ionized at concentrations of 0.1M and above. The compound even shows some 
tendency to dimerize to give ®ven dilute solution, therefore,
the concentration of unionized uranyl fluoride molecules must be at least as 
great as the concentration of unionized molecules in dilute uranyl nitrate 
or chloride solutions since these compounds are relatively strong electro­
lytes.
■ Furthermore, uranyl perchlorate, which is almost completely ionized 
in aqueous solution, can be extracted into TBP and it can be shown [89] 
that even in TBP solution (dielectric Constant 13) the extracted uranyl 
perchlorate is appreciably ionized. Thus the fact that uranyl fluoride 
cannot be extracted must be due to some intrinsic inability of the uranyl 
fluoride molecule to dissolve in TBP.
It is possible to regard the extraction of uranyl compounds (and of 
many other inorganic compounds) into TBP as a solvation phenomenon. That 
is, the molecules of solvent are regarded as being able to displace co­
ordinated water molecules from the metal atom to give a molecular species
preferentially soluble in the organic solvent. The non-extractibility of 
uranyl fluoride may thus be attributed to the fact that the co-ordinated 
water molecules are more firmly bound to the uranium atom in uranyl fluoride 
than they are in the nitrate or chloride* Thus uranyl fluoride remains 
preferentially solvated with water and remains in the aqueous phase on 
equilibration with TBP.
It has been shown in the work described previously that, in the pre­
sence of nitrate ion, uranium can be extracted from fluoride solution by TBP* 
On the basis of these results it seems that in this case the uranium is 
extracted entirely as the nitrate to form the well-established solvate
UOg^O^gCTBP),-* The effect of fluoride ion is confined to its complexing
action on the uranyl ion in the aqueous phase.
No quantitative treatment of this complexing has been attempted,
however, due to lack of quantitative data on uranyl fluoride species in
+
aqueous solution. In addition to the existence of the complexes UOrjF , 
UOgF^, U02F4. reported by Ahrland [ 135]> the following reactions have been 
postulated to occur in aqueous solutions of uranyl fluoride [140].
uo2f2 ;==^  u°2F+ + F“ 
u°2F2+ H O  ^  U020HF + HF
2U02F2+ H2° ^  U020HF + U02P3 * H *
although the last two hydrolysis reactions would not be expected to be of 
importance in appreciably acid solutions.
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It has, however-, been shown that in the absence of added nitric acid 
uranium extraction from uranyl nitrate solutions decreases rapidly as the 
mole ratio of fluoride to uranium increases, and reaches zero (within the 
limit of the analytical method used) at [3?A/tU]^ = 2.
This seems to suggest that the decrease in extraction is due to the 
progressive formation of the compound "^at ^ie equilibrium of
the reaction
2HF + U02+f =5==^  U02F2 + 2H+ 
is entirely displaced to the right*
In the presence of nitric acid, uranium extraction from uranyl nitrate 
solutions still decreases with increase in the ratio but is still
appreciable at values of this ratio of much greater than two. This may be 
regarded as being due to a displacement of the equilibrium written above to 
the left by the large concentration of hydrogen ions provided by the nitric 
acid, thus providing a larger concentration of uncomplexed uranyl ions#
The experimental results obtained on the extraction of uranium from 
aqueous solution by HBEHP seem to indicate that the extraction mechanism 
is similar to that for uranyl nitrate in the same acidity region. In a 
recent comprehensive treatment of uranium extraction from uranyl nitrate 
solutions in nitric acid by HDEHP, Sato [137] has suggested that three 
different mechanisms are operative. At low aqueous acidities ( ^  1M) he o 
suggests that polymeric species are formed in the organic phase :
2U022+ + 3(HDEHP)2 ^  (U02)2(DEHP)4(HDEHP)2 + 4H+. \
At higher acidities the previously postulated cation exchange 
mechanism is suggested s
U022* + 2(HD2HP)2 UO (33EHP) (EDEHP) + 2H*
o
while at aqueous acidities above 6M, a mechanism similar to that accepted 
for TBP extraction is suggested,
U022* + 2N0^~ + (HDEBP)2 ^  U02(N0^)2(HDEHP)2
The experimental results described in this work show that in the 
uranyl fluoride - HDEHP extraction system extraction of uranium does not 
occur from aqueous solutions if the hydrofluoric acid concentration exceeds 
about 1M# Below this acidity, the extraction b ehaviour can be explained 
in terms of the cation exchange mechanism as has been shown previously*
U022+ + 2(HDEHP)2 U02(DEHP)2(HDEHP)2 + 2H+
Since in this work the concentration of uranium used was rather lower 
than in Sato's work and in addition the observed partition coefficients in 
the fluoride system are rather lower than in the nitrate system, it was not 
found necessary to postulate the presence of polynuclear complexes in the 
organic phase. No evidence was found for a complex U02E2(HDEHP)2 corres­
ponding to U02(N03)2(HDEHP)2. This would not really be expected since 
this latter complex was found to be present by Sato only at high aqueous 
acidities and in the fluoride system extraction does not occur at such 
high acidities. In addition, it is likely that the complex U02(N0^)2(HPEHP^
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is analogous in structure to U02(N0^)2(TBP)2 in which the HDEHP functions
merely as a co-ordinating or solvating agent rather than as a liquid ion
fluoride solvate UOgE^C^P^ no  ^^orme<3-*
Baes [ 22] has suggested that at high uranium concentrations in the 
organic phase chain polymers of the type HX2(U02X2) UOgXgH (where X is the 
[ DEHP] ion) are formed. If the value of n is very large this polymer 
will approximate very closely to the simple formula UO^^. A solid com­
pound corresponding to this formula was prepared as described in 
Section 2f.^ t(d)# Since the compound contains no fluoride, it appears to be 
identical with the compound which was prepared by Peppard et al. [29] 
starting from uranyl nitrate and using a rather different method.
The most likely structure for this compound seems to be
exchanger and it has been shown that in the TBP system the corresponding
0. H - 0
(e o )2p ^
0 0
2
/
0 0
/ \ #  (RO) P
0 - H, 0
in vfhich the uranyl ion has a co-ordination number of four (and the
uranium atom a co-ordination number of six)*
The experimental results obtained for the extraction of uranium 
into tri-n-octylamine from solutions of uranyl fluoride show that as 
the organic phase approaches saturation Y/ith uranium the mole ratio of 
amine to uranium approaches unity, and that qt constant aqueous acidity 
the uranium partition coefficient is directly proportional to the amine 
salt concentration. Results obtained by other v/orkers [25] on the ex­
traction of uranium from sulphate solutions have shown that near saturation 
the mole ratio of amine to uranium approaches a value betYfeen four and 
six, indicating an association complex between 1 mole of uranium and four 
or six moles of amine in the limiting case*
These workers have also found a direct proportionality at constant 
aqueous acidity between the uranium partition coefficient and the free 
amine salt concentration, such as exists in the uranyl fluoride - TOA 
system.
This latter result is unexpected since, if the reaction occurs 
between an anionic complex of uranium containing one atom of uranium and 
four or six molecules of amine, it would be expected that the partition 
coefficient would be at least approximately proportional to the fourth 
or sixth pov/er of the amine concentration*
Coleman [h£] has attempted to reconcile this apparent anomaly by 
suggesting that in hydrocarbon solution the amine salt exists in the form 
of micelles, that is, the amine salt is partially in a colloidal form and
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therefore the activity of the free amine salt is constant and is almost 
independent (within limits) of its nominal concentration. It has been 
shown, however, by light scattering measurements, that although some long 
chain amine salts do exist in the form of micelles in hydrocarbon solution 
others, of which TOA. sulphate and nitrate are examples, do not, and the 
explanation cannot be applied to TOA, In the experimental results on 
the extraction of uranium from uranyl fluoride, described in the previous 
part of this work, this anomaly does not arise since both saturation data 
and the direct proportionality of the uranium partition coefficient on 
exdractant concentration indicate the formation of a 1 : 1 uranium-amine 
complex. It is suggested that this complex is an& the ex­
traction mechanism should be written as s
The first mechanism corresponds to simple anion exchange.
In conclusion, therefore, it appears that the extraction of uranium 
from hydrofluoric acid solution follows a similar pattern to extraction 
from other acid solutions, for example, nitric and sulphuric acids,
Uranyl fluoride is not extracted into the neutral TBP solutions
R KH.HE* + 
3 0 2'A
or
B7NH,HP0 + UO J?0 (R7NH)U0oF7 + ffl
3 20 2 2. 3 2
except in the presence of nitrate, when the element extracts as uranyl
nitrate in the usual manner. Into the acid di(2~ethylhexyl)phosphate
2*
uranium is extracted as the simple cation UOg by a cation exchange 
mechanism, while when using the basic tri-n-octylamine as extractant, the 
species is the anionic complex and extraction occurs by an anion
exchange mechanism. On the basis of the usual division of extraction 
systems into either chelate or ion-assoeiation systems, the systems 
examined may all be regarded as examples of ion-association systems.
-106-
TABLES OF NUMERICAL RESULTS 
AND'
GRAPHS OF RESULTS
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TA31E 1
Extraction of hydrofluoric acid into solutions 
of tributyl phosphate in kerosene*
TBP
Concn,
0..181M
Hi]A [h f],
2.27M 0.080M
4.20 0.105
5.74 0.116
7,51 ! 0.130
11,4 0.145
13.7 0.180
17.2 0.196
23.0 0.233
rTBPln
M 0°
2.26 0*035
1.73 0*250
1.56 0.020
1.40 0.017
1.25 0.013
1.00 : 0.013
0.92 0.011
0.78 0.010 ■
THP
Concn,
0.725M
iHi]A IS]0 TBpj 
HF] °
0.83M ) 0.167M j 4.35
2.15 i 0.308f | 2.35
3.75 | 0.430 1 1.69
5.55 j 0*485 | 1.50
8.00 j 0*582 : 1.25
11.2 j 0.690 | 1.05
16,9 | 0.854 ! 0.85f
22.6 S 0.990 i 0.73
0- 202
0.143
0.115
0*087 j 
0.072 | 
0.062 | 
0.051 j 
0.044 1
TBP
Concn.
1.45M
[h f],JX I [hf] j
.. 0 ..1....
o
i
*hf
0.70M
! ....  ? V
| 0.30M ] 4.83
<!
i 0.430
1,66 1 0.516 }i » 2.81
i
i 0*312
3.62 j a776 J 1.87 I
i
0*215
7.55 1.38
|
| 0.139
11.6 I 1.36 | 1.08 1i 0,117
15.1 j 1.68 ] 0.87
i 0*111
20,3 j 1.93 | 0.75 i 0*095
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Extraction of hydrofluoric acid into solutions of tributyl phosphate 
and kerosene from solutions of constant aqueous acidity.
| Total 
] [TBP]
[ Concn,
[HP]
A
[HP]
0
1Pree * 
[TBP]
K
HP
\
| 0.073M 1.00M 0o012M 0.061 0*012
0.0.10 9 1,00 0.019 0o090 0.019
j 0,145 0,99 0.025 0,125 0.025 •’
{ 0,181 0,99 0.029. 0.152 0.029
! 0,218 0.98 0.035 0.183 0.036|
j0.290 0.98 0.647 0,243 0,04-8
i 0,362 0.98 0.067 0.295 0.068 i
Total
[tbp]
Concn.
Lh pJ
A
Lh p J j
° j
'Pree1
[tbp]
0
K
HP
0,145 4o00M
j
0.080M jj 0.065 0.020
0.181 4.00 o-ioo !i 0.081 6,025
0.218 4.00 0.121 j 0.097 0.030
0.290 3.99 0*161 {i 0,129 0.040
0.362 3.98 0.200 | 0*162 ! 0.050
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TMI&Jl t
*
Calculations of stability constant K from Equation 1.
r
j Total
; [tbp]?
I
------- -------
[h f]
A
!
[HF(TBP)] i
0 j
i
’Free1
[tbp]0
$
K
lo45M 0.70M
j
0.30M ; 1.15M 0.37
0,725 0.83 0.167 0.558 0.36
! 1.45 1.66 0.516 0.934 0.33
| 0.725 2.15 Go 308 j
i
0.417 0.34
j 0.181 2.27 0.080 0.101 0.35
- 1.45 3.62 0.776 j 0.674 0.32
0.181 4.20 0.105 j 0.076 0.33
0.725 5.55 0,485 !i 0.240 0.36
0.181 5-74 0.116 j 0.065 0« 31
1.45 7.55 1.05 I 0.400 0.35
0.181 7.5 0.130 | 0.051 0.34
0.181
i
i
I....................
j
11.4 0.145 j
i1i
0.036 0.35
Extraction of hydrofluoric acid into di--(2~ethyl hexyl) phosphate
j Total
I [hdehp]
i
\ [he]
A I
[h f]
0
K
j HF
3.10M
i
2*13M 0.083M
i
J
i 0.039
t t 3.10 a 120 | 0.040 
j
. f !  ■ 4.84 0.196
1
! 0.041j
n 5.50 a 228 | 0.041
»? 7.35 0.290 j 0.040
M 9.14 0,363 j 0.040
! t 14.1 0,590 I 0.042I
u 16,7 a 698 1 0.042
- m -
Extraction of hydrofluoric acid into solutions of di««(2-ethyl hexyl) 
phosphate in benzene from solutions of constant aqueous acidity*
Total
[hdeep]
'
[h f]
A
[h f]
0
K
HP
■
0.605M 10.501 0.081M 0-007
0*906 10.50 0.126 0.012
1.21 10.50 0.175 0.017
1.51 10.49 0.216 0.021 !
1.82 10.48 0.250 0.024 !
2.12 10.48 0.300
:
0.029
2.42
i
10.46
1
0.340 0.033
1
2.72 10.46 0.376 0.036
3.10
11!1
10o45 0.430 ! 0.041
11j
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TABLE 6
t
Calculation of stability constant K from Equation 2
Total
[(hdehp)2]0
1
[h e]
0
.
®hf
•
Pree
[(hdehp)2]0
t
K
0.302 0.081 0.007
.
0.221 0.031
0.453 0.126 0.012 0.327 0.037
0.605 0.175 0.017 0.430 0.039
0.755 0.216 0.021 0.539 0.039
0.910 0.250 0.024 0.660 0.036
1.06 0.300 0.029 0.760 0.038
1.21 0.340 0.033 0.870 0.038
1.36 0.376 0.036 0.980 0.037
1.55 0.430 0.041 1.12
'
0.037
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Extraction of hydrofluoric acid into solutions of 
tri-n-octylamine in xylene
| TOA 
Concn.
[h e]
A
o
tu 
1____1 M 0
Ltoa]0
I K '| HE ' >t j
OeOlM 0.20M 0.007M 0.7 0*035 j
” 0.50 0.016 1.61 j 0.032 j
t i 1.00 0.021 2.1 | 0.021 1 
i I
i t 2.40 0.025 2.5 1 o.oio ji i
* t 3.80 0.027 2.7 0.007 j
I I
1 5.50 i 0.028 2.8 j 0,005 |
I ”
L---------------- - 8.60
! 0,032 3.2 | 0.004 j
TOA
Concn.
T h^Ja |h fJ0 Lh pJ0
L TOA jQ
j*
0.10M 0.35M 0.08M 0.8 0.229 j
11 0.70 0.18 1.8
-
0.257
I I 1.22 0.24 2.4 0.197 !!
I t 3.62 0.27 2.7 0.074 S 
*
t i 4.91 0.29 2.9 0.059 j 
1
t i : 7.40 0.30 3.0 .0.041
n 10.10 0.32
--------------- --------------------------------------------------- — —
3.2 0.032 j
TOA
Concn.
l® ja
i
i
I
1
LheJ0 Ihf]0
LioaJ0
^ E
0.50M 0.10M j 0.27M 0.54 2.70 ,
» 0.50 j 0.95 1.90 1.90
t i
| 1.61
i
1.24 2.48 0.77
1 n 2.90 t 1.35 2.70 0.47
j H  ; ; 4,80 ji 1,46 2.92 0.30
' I ti
-------- — - ------ j f
9,00 
i.— .................. ..I — ............. . . .
1
■J,„____
1.65 3,3 0.18
-------
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TAELS 3
Extraction of hydrofluoric acid into solutions of tri-n-octylamine 
in xylene .
Total
[toa]
Concn,
[h f]
A
[HP] K
HP
io.oim ;
i
2.00M I 0.024M5
0.05 I 2.00 j 0.125
o a o  ! 2.00 j 0.250
0.20 1 2.00 1 0.500
0.31 j 2.00 1 0.782
0.43 i 2.00 ! 1,08
0.50 | 2.0C 1.26
0.012
0*063
0.125
0.250
0-391
0,54
0.63
4-
Total |
[toa] j
Concn. f
[HP]
A
! [HP]
o Lip ! j
'■'ri "■"" . ... i
D.oi j 5.0M
! 1 1 
j 0.027Mj 0.005
0.05 | 5.0 0.135 0.027 1
0.10 S 5.0 0.275 0.055 ji
0.20 j 5.0 0.550 o.no j11
0.31 ; 5.0 0.850 0.170
i
Ii
0.43 5.0 1.17 0.234
j
i
TABLE 9
i
Calculation of stability constant K from Equation 3 
[HF]^ constant 2.0M
i  1
j Total 1
[toa]
Concn.
o
 
1—
1 [HIP]o-2[T0A] 3[toa]-[h p]0 1
1i
fj
............ ...... t. ...  ...... i
0.05M 0.125M ; 0.025 0.025
oao 0.25 j 0.050 0.050 j
0.20 0.50 0.100 o.ioo |
0.31 0.78 ; 0.160 0.150 j
j
0.43 1.08 0.220 0.210 |
0.50
1
1.26 ;
i
0.260 0.240
!
[h f] constant 5.0M
XX
51
1 Total
[toa]
i  Concn. i
[H»]0 ; [HF] -2[T0A] 3[toa]~[h f]0
> '
\ J
[ 0.05M 1
j
:
* 0.135M j 0.035 0.015
0.10 0.275 j 0.075 0.025
0.20 0.550 -I 0.150 0.050
0.31 0.850 j 0.230 0.080
| 0.43
\
1.17 !
i
0.31
•
...-..-.... ...1
0.12
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TAELS 10
Extraction of nitric acid into solutions of tri-butyl phosphate 
in kerosene.
v TBP 
1 Concn.
Lmo J5 A
-.......................
"™—fr—
1i
O o 1i}i
( TBP 1.
[hno3]0 i ^HN0„ 5
| 0.725M 1.51M r 0.200M I 5.65 0*152
■3.60 ii 0.451
ii 1.68 } 0.120
; ”i 4.91 i 0.550 j 1.52 j 0,1121 » 6.59 ii 0.659 i. 1.15 | 0.100
i n 8.10 ! 0.690 1i 1*05 ! 0.085
9.60 j 0.740 ii 0.98 1 0,077
! ti 10.68 I 0.771 ft 0.94 i 0,072
! ; 12.22 j 0.809
ii
ii
0.90 1 0.066
i. ..... ...
15.50
i-------
1{
s.
0.842 0.86 | 0.062 
i1
^HNO,
0.088 
0*072 . 
0.055 ;
0*046 
0.058 
0.054 l 
0.051 1
TBP
Concn.
Lhn°3ja
1
O
~tA
Ow
J T tbp]0
i im °^ o
1i 3 
I
0.181M 2.02M i(1 0.102M i 1.77 ! 0*051-
it 5.78 i 0.141 : .128 ! 0.037 1
1 5.10 i 0.159 ! 1.14 | 0.031 j
it 6.81 j 0.172 ! 1.0 5. ! 0 «025
8.50 I( 0.179 1 1.01 | 0 a021
» 10.1 111* 0,191 ! 0.95 j 0.019 j! 1
TBP 
Concn.
2M ! 1.71M 5 0d51M ! 2.39n i 3.62 ! 0.260 ! 1.39it i 5.10 ! 0,279 1 1.30n i< 6.59 i 0,302 | 1.20it 1 8.40 I 0.322 ; 1.12
11 j 9.79 ! 0.328 ! 1.10it I 10.88 1 0.341 ! 1.06
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TABLE 11
Extraction of nitric acid into solutions of tri-butyl phosphate 
in kerosene from solutions of constant aqueous acidity.
For [ M 0 ^]a = 2.0 a = 0.960 For [HNO ]A = 4.0. a = 0,85.
Total
| [tbp]
i Concn.
[hi°3]a [kTOjIq ^ree*
[tbp]q ^HN0„5
<|i< i ,i
!0.073M 2.00M 0,030M 0o043M , 0.015
0.109 1.99 0.048 0.061 0.024
j0.145 1,90 0.062 0.083 0.031
I 0.181 lc20 0.082 0.100 0*041
0.218 1.97 . 0.094 0.124 0.047 ;
0.362 
'*“•...— .-"-a
1.97
..
0.160 
5r--- -— .... ..-..-"t
; 0.202 0.080
\
Total 1
[tbp] j
Concn
tffiTO3]A •
[hn o3]0 ’Free*
[tbp]0 3
r
0.073M 4.02M
!
0.048M 1 0.025M 0.012
0.109 j 4.01 0.076 0.033 0.019
0.145 ; • 4.00 0.100 0.045 0.025
j0.181 } 4.00 0.124 0.059 0.031
10.218 1
i j 5.98 0.148 0.070 0 O 037 :
j0.271 ! 3.98 0.184 0.087 0.046 ;■
!0.362 ; 
f !i ;
3.98 0.248 0.114 0.062 P 
1 ■ 1 * " 1 ■*’ " •  •
■lis-
TA.BLS_12
Extraction of nitric acid into solutions of d±~(2-ethyl hexylphos­
phate in benzene
Total 
[ HDEHP] 
concn#
[HNO] 3] [ HNO ]
^ 0
■^No
D
0.62M 2.32M 0.017M 0.007
M 4.31 0.038 0.009
tt 5.60 0.60 0.010
H 6.95 0.092 0.013
- 8.93 0.134 0.015
t f 10*20 0.175 0.017
Total 
[ HDEHP] 
concn.
r HNO]
•’a
1—
i
O
V
1
0
^ 0 -
J
1.50M 2.00M 0.040M 0.020
t ! 4.12 0.096 0.023
tt 5.42 0.147 0.027
6.72 0.219 0.033
" 8.65 0.336 0.039
\ 9.48 0*427 0.045
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Extraction of nitric acid into solutions of di~(2-ethyl hexyl)phosphate 
in benzene from solution of constant aqueous acidity
xoxaj.
[ HDEHP] 
concn,
[HNO ]
* A
[HNO,]
D 0
^ 0 ,  j 
3 i
t
0.431 4.201 0,0211 0.005 !
0,50 4.18 0.029
1
0.007
0 ,62 4.18 0.038 0.009
0,75 4.18 0.042 0.010
1.00 4.15 0.058 0.014
1.50 4 ,1 5 0.096 0.023
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Extraction of nitric acid into solutions of tri*~n~octylamine in xylene
TOA
concn.
<3
i—
in'n
oi—
i 0
1—
1 
O1—
' [ TOA] Q
^ 0
r hnoTF 
3 0
3
0.Q5M 0.502M 0.055M 1.10 0.11
ii la 26 0.060 0.834 0.048
n 1,75 0.070 0.715 0.040u 2.58 0.073 0.685 0.028
ii 3.50 0.088 0.570 0.025
H 5.21 0.105 0.476 0.020
ii 6.15 0.105 0.476 0.017
ii 7.32 0.110 0*454 0.015
TOA
concn.
0.1AOM
t
ti
1
it
»
n
HNO ]
0 A
[HNO ]
0
[T0A]q 
[ HNO ]
khno
3
 ^0
0.521M 0.101M 1.40 0.194
0.750 0.141 1.00 0.188
1.26 0.172 0.815 0.136
1.80 0.188 Oo 745 0.105
3.21 0.223 0.628 0.069
5.50 0.296 0.472 0.054
6.24 0.314 0*446 0.050
7.70 0.356 0.394 0.046
TOA [HNO]
0 A
[HNO ] [ TOA] 0
k hho.concn. D 0 . jTSoj 
J 0
3
(1 . 1
0.250M 0.3601 0.232M 1.08 0.645ti 0.600 0.271 0.92 0.451
11 1.24 0.318 0.786 0.256it 1.98 0.362 O.691 0.183 1
t t 2.55 0.400 0.625 0.157 jit 3.72 0.457 0.546 0.123
11 4.95 0.530 0.471 0.107 j
11 5*66 0.572 0.437 0.101 j
11 6.20 0.578 0.432 0.093 1
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TABLE 15
Extraction of nitric acid by solution of Tri—n^octylamine 
in xylene from solutions of constant aqueous acidity
[ TOA] 
concn.
[HNO,]
j »A
[ HNO ]
3 0
u^ n o ,
j
0.05M 0.52M 0.061M 0.040
0.10 1.52 0.150 0.085
0.14 1*50 0.180 0.120
0.16 1.49 0.209 0.140
0.20 1.47 0.262 0.178
0.25 1.47 0.325 0.222
[TOA] [HNO ] [HNO ] ■^h n o.
concn. * A * 0 J
0.05M 4.12M 0.080M 0.019
0.10 4.12 0.172 0.042
0.14 4.10 0.240 0.058
0.16 4.10 0.277 0*066
0.20 4.08 0.342 0.083
0.25 4.07 0.4^8 0.115
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TABLE 16
Calculation of stability constant K* from equation 5o 
Constant aqueous concentration [HNO,.] = 1G50 a =s 0.965<
Total
[TOA]0
concn.
[ HNO J
0
[ HNO ],.[ TOA] 
-*0 0
2[ TOA]-[HNO,]
0 ^0
' 0.05M 
0.10 
0.12*.
0.16 
0* 20
0.25
..... ...
0.061M
0.150
0.180
0.209
0.262
0.325
.0.01
0*030
O.OifO
0.049
0.062
0.075
0.039
0.070
0.100
0.111
0.142
0.175
Constant aqueous concentration fHNO,] inn a qc 
“ j  * J-U CO — U*t5p
Total
'
[T°A]0
concn.
0
0 1 _1 [ HNO,] -[ TOA] 
JQ 0
2[ TOA]-[HNO,]
0 ^ 0
0.05M 0.080M 0.030 0.020
0.10 0.172 0.072 0.028
0.14 0.240 0*100 0.040
0.16 0.277 0.117 0.043
0.20 0.342 0.12*2 0.058
0.25 0.468 0.218 
L-------------
0.032
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TABLE 17
Competitive extraction of hydrofluoric and 
nitric acid into tri-butyl phosphate
Initial aqueous phase
[HF]a [HNO ]
'  A
.
15.21 1.82M
» 4.00
t! 5.50
tl 7.16
[HP]
displaced
Organic phase
Initial equxlibrium
[ HP] _ ‘THNO-.]
0.162M
0.136
0.185M
0.185
0.023M
0.056
0.023M
0.049
0.185 0.121 0.080
0.185 0.115 0.095 0.070
r HN0^]
m
displace
1.00
1.14
1.25
1.36
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TABLE 18
Extraction of hydrofluoric acid from nitric acid solutions 
into solutions of tri-butyl phosphate in kerosene
Total 
[ TBP]Q
concn.
[HNO ]
^ i
[HP]a [H*]0
0*725M 2.2 kM 0.150M 0.061M 0.406
t i t t 0.302 0.100 0.331
t t t t 0.550 0.163 0.297
t t t t 0.852 0.200 0.235
t t i 1.12 0.232 0.207
n t t 2.00 0.278 0.139
t t t t 2.89 0.319 0.091
tt t t 4.80 0.379 0.079
t t t t 7.16 0.414 0.058
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TABLE 19
Extraction of nitric acid fr^m hydrofluoric acid solutions 
into solutions of tri-“butyl phosphate in kerosene
Total
r tsp]0
concn*
[HF]i .
r
[ HNO ]
3 A
r HN0,1 
3 0
^ 0
J
0*725M 2.14M 0.902M 0.100M 0.111
t t t t 1.32 0.141 0.107
Tl t t 1.84 0.184 0.100
t t t t 2o25 0.232 0.103
t t t t 3.56 0.372 0.102
t! t t 4.20 0,431 0.103
t t I t 5,05
.
0.500 0.099
tt I t' 5.80 0.538 0.093
tl t t 7.5K 0.557 0.075
TABLE_2Q
Extraction of hydrofluoric acid from nitric acid 
solutions into solutions of di--(2-ethyl hexyl)phosphate 
in benzene
Total 
[ H32EHP]
3.10M
[ HN0_]
i
0
0.55
1.20
2.75
3.62 
5.80
6.62 
7.25
[HP]
A
6.30M
[HP] SiF
0
0.25M 0.040
0.240 0.038
0o232 0.037
0,219 0.035
0.212 0.034
0.190 0.030
0.188 0.030
0.181 0.029
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Extraction of nitric acid from hydrofluoric acid solutions 
into solutions of di-(ethyl hexyl)phosphate in benzene
Total 
[ HDEHP] Q
[UP].
■ ■
[ HNO 1 | 
A 1
r HNO,]
' 3 0 ^ 0 *3
3.10M 3.20M 0.50M ! 0.05M 0.100
tt u 1.50 | 0.160 0.107
tt tt 2.25 | 0.250 0.111
tt 3.45 j 0.4L1 0.119
t! t! 4.10 0.480 0.117
4.88 { 0.592 0.121
tt tt 5.72 0.728 0.127
I t ft 6.36 j
i
0.820 0.129
Total [HP], r HNO ] [HNO 1 
^ A
^ 0 -
[ HDEHP] ■ 3 A 3
3 .1 0 M 6 . 30M 0 .6 0 M 0 .1 2 0 M 0 .1 6 7
tt 1 .5 C 0 .2 4 0 0 .166
tt 2 .5 0 0 .4 0 0 0 .1 6 0
1 3 .1 0 0 .5 1 2 0.165
n tt 4 .2 0 0.670 0.160
tt tt 5 .1 5 0 .8 2 5 0.160
tt tt 6 .4 5 1 .0 3 0.160
tt 7 .0 0 1 . 1 4 0.163
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TABLE 22
Extraction of uranyl nitrate by solutions of TBP in 
kerosene from aqueous nxtric acid solutions
[ TBP] 0 <3
1-
\
Oi—
t [U ]
0
[U ]
A
K
tJ
0.181M 0.52M 1.2lmM 6.03mM 0*20
tt 1*12 2.82 4.41 0*64
tt 1.72 4.55 2.68 1.70
tl 2.30 5.17 2.07 2.49
tt 3.64 5.95 1.30 4.58
tt 4.21 6.04 1.21 4.99
ft 4.82 6.07 1.16 5.23
tt 5.64 6.00 1.25 4.80
ft 8.20 5.33 1.92 2.78
tt 10*42 4.61 2.63 1.75
[T B P ]0 '—
* 
j
[U]
0
[U]
A a
0.362M 0.52M 2.38m 4.26 0,70
tt 1.12 4.68 2.57 1.82
tt 1.72 5.70 1.54 3.70
tt 2.30 6.26 0.99 6.32
tt 3.64 6.58 0.61 10.8
tt 4.21 6,66 0.56 11.9
tt 4.82 6.68 0.51 13.1
tt 5.64 6.72 0.51 13.2
tt 7.00 6.6l 0.65 10*2
tt 8.20 6.31 0.89 7.10
tt 10.42 6.00 1.31 4.58
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Extraction of uranium by solutions of TBP in kerosene 
from solutions of nitric acid of constant aqueous acidity
Total 
[ TBP]Q
[HNO ]
* A
[U ]
0
[U ]
A
K
U
0*018 4.10 0.552mM 7.90mM 0.07
0,036 1! 1.52 6.94 0.22
0.073 tt 3.75 4.69 0.80
0.109 5.55 2.92 1.90
0.14-5 tt 6.29 2.17 2.90
0.181 H 7.03 1.41 4.98
0.217 tt 7.31 1.11 6.62
Total 
[ TBP] Q
[HNO ]
3 A
[U]
0
[U]
A
K
U
0.018 6.00M 0.523mM 7.94mM 0.066
0.036 ti 1.46 6.94 0.210
0.073 »t 3.69 4.75 0.778
0.109 tt 5.46 3.00 1.82
0.145 tt 6.15 2.30 2.67
0.181 tt 6.95 1.51 4.60
0.217 tt 7.33 I.15 6.38
N O ­
TABLE 24
Extraction of uranyl nitrate into 0.725M TBP in kerosene 
from hydrofluoric acid solutions
Total 
[ TBP] Q
[HF]a
I 
o 
I
1=> 
I
8 
i _
i 
81
[<nA [F]a
[«]A
K u
0.725M 0.045M l8.8mM 8 6,5^ : 0.41 0.218
tl 0.045 13.7 81.6 0.48 0.168
tt 0.044 10.3 75.9 0.54 0.136
tt 0.044 7.42 68*2 0.57 0.109
tt 0.042 4* 04 63.O . 0.64 0.084
tt 0.042 3.63 58.7 0.70 0.062
It 0.042 2.34 50.8 0.80 0*4^
tt 0.020. 1.72 47.7 0.87 0.036
1t 0.02+1 0.98 39.2 1.08 0.025
tt 0.041 0.50 32.0 1.32 0.014
tt 0.040 0.10 25.8 1.72 0.004
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TABLE 25
Extraction of uranium into 0.725M TBP in kerosene 
from aqueous solutions containing nitric and hydrofluoric acids
[TBP]
0.725M
[h*-]a [U]0 ["]A X
0 M 0.050M 0.013M 3.8 5
0.050 0.040 0.023 1.74
0,106 0.034 0.030 1.14
0.167 0.027 0.037 0.73
0.250 0.020 0.043 0.47
0.352 0.016 0.048 0.33
0.500 0.010 0.053 0.19
0.670 0.007 0.056 0.13
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TABLE 25A
Extraction of hydrofluoric acid from solutions 
containing uranyl nitrate and nitric acid
[TBP]
0.725M
[HF]0 [HF]A
0.015 0.005M 0.023 0.30
0.024 0.106 0.030 0.23
0.035 0.167 0.037 0.21
0.050 0.250 0.043 0.20
0.064 0.352 0.045 0.18
0.085 0.500 0.053 0.17
0.114 0.670 0.056 0.17
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Extraction of hydrofluoric acid from solutions containing 
uranium by 0.725M 'IBP in kerosene
[ TBP] Q i m 0 [HP]a [U]A
0.725M o.o34ivi 0.116M 0 M 0.233
I t 0.032 0.149 0.016 0.215
I t 0.026 0.154 0.030 0.169
r t 0.022 0.158 0.040 0.139
t t 0.017 0.163 O.O64 0.104
t t 0.013 O.167 0.C86 0.078
t t 0.012 0.168 0.104 0.071
t t 0.011 0.170 0*060 0.065
t t 0.008 0.172 0.239 0.046
n 0.C07 0.174 0.230 0.040
[ TBP]Q rHp]0
0.725M 0.o6im 0.266M 0 M 0.240
t t 0.061 0.269 0.016 0.226
t t 0.057 0.273 0.030 0.210
t t 0.055 0.275 0.040 0.200
0.049 0.281 0.064 0.175
t t 0.043 0.255 0.086 0.149
t t 0.039 0.291 0.104 0.134
t t 0.028 0.302 0.160 0.093
t t 0.022 0.308 0.239 0.072
t t 0.019 0.310 0.280 0.061
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TABLE 27
Extraction of uranium into 0.03^ 1 HDEHP in benzene from uranyl 
fluoride solution containing hydrofluoric acid.
[ HDEHP]0 j [H F]A S [U ]Q !
I I I  ,  i       j-   - -  j.
  i ... i .. ;a•—io 0 M mM
fl 0.10
'
7.43
tt 0.20 5.84
tt 0 .3 0 4.21
" 0.40 2.98
tt 0.50 2.18
tt 0.60 1.70
ft 0.70 1.09
tt ; 0.80 0.84
tt
i
0.901 0 .7 0
tt
'
1.00 0 .5 7
| t m ,
j (calc.)
mM t
!
1.03
t
j 0.009M 7.20
2.63 j 0.013 2.22
4.26 1 0.018 
1
{ 0.024
0.990
5.49 0.542
6.28 | 0.030
j
0.347
6.77 | 0.036
!
0.252
7.37 1 0.042 
|
0.148
7.63 j 0.048 0.110
7.78 0.054 0.090
7.31 0.060 0.072
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Extraction of uranium from solution*containing a constant concentration 
of hydrofluoric acid into solution of HDEHP in benzene*
[hdehpL
i 0
Oj
1 -
1
wi_
i 1-
1
a
i
o --
-- Kr.TJ [hdeeq?] Q I
I i
I}i !,, „ 1 1
*' 0«154M 0.15M 18,4mM ! 0.12mM 154 8.37 1
i 0.093 • it 17.5 j 0.50 35 5.31 ;
j 0.062 n 15.9 ! 1.28 12.4 3.90 |
j 0.031 " 10.9 j 3.80 2.87 2.85
j 0.023 " 8.90 j 4.84 1.84 2.58 !
! 0.015 n • 6.40 \ 6.05 1.06 2.34 i
) 0.012 it 5.00 | 6.72 0.75 2.40 1
; 0.009i .
n
| J “92 ! 7.31 0.54 2.30 i
C
 
-
1
I!w__i Lhfja c u v %  ! [ H D E H P  J T H
j
1
}
.
K  1
0.154M 0.40H 15.6mM | 9.69mM ! 16.1
1
9<»92 I
I 0.093 ■ ' » 13.8 1 2.76 I 5.00 6.70 }
! 0.062 " 12.0 | 6.98 1.72 5.16 |
! 0.031 " 8.80 i 16.0 0.55 3.52 j
j 0.023 " ! 7.50 | 21.4 0,35 3.07 S
j 0.015 I 5,35 | 31.4 0.17 2.70 1
1 0.009 I i 3.62 | 37,7 i 0.096 2.49 j
i
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TABLE 29
Extraction of uranium into solutions? of TOA in xylene from 
hydrofluoric acid solution.
Total 
[TO A]0 1—
1 
{ 
1
W 0 w A Ko
0 9olmM .375mM 10.4
0o20 9.80 .206 47.6
0.40 9.86 .143 68.8
1.22 9o84 .159 62.0
1.72 9.77 .211 46.3
2.18 9.69 .312 31.0
2.86
. -
9.11 .892 10.2
3.30 8.64 | 1- 32
1
.
6.55
4.20 8.10 1.96 4.12
5.62 7.66 | 2.39
■
3.20l
6.82 7.06 | 2.90 2.43
8.24 6.74 3.40 1.98
9.50 5.90
:
: 4.05 1.46
11.6 5.00 j 5.00
4
1.00
0.23M
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T&BLEJO
Extraction of Uranium into solutions of TOA in xylene from 
hydrofluoric acid solutions of constant aqueous acidity
Total |
[TOA]0 ! 
Concn. ;
M 0
1
| M a i—
i
i_
i
K-u
i
i
ii
i
. .. ..I
0.30M !1 0.12M j 0.015M ■A 3.34M j 8.0
1
1
i
\ 0.20 i 0.025 ! »! ! 8.0 »\
1i 0.256 1 0.040 ! ” ! 5.9 1
n ! 0.262 j 0.162 1 « | 1.62 3Ji
" ! 0.270 | 0.540 1 » j 0.79
1
ti i* 0.278 j 0.500 " 1i 0.55
|
1
0.284 j 0.695
i
• I \
iI
0.41
!
!
! Total 1
; i [n]0 I W a
1 ! 
! Eh*]a 1 **
[TOA]0 j j | !
Conon. ] 
1 : ! i........ ir ! 7 *
; 0.30M | 0.060 | 0.015 I lOoOM j 4.0
« i: I 0.116 j 0.045 : » ij 2.58; ) 
t» | 0.144 1 0.065 ! ft !j ! 2.22
i I  ' i 0.170 1 0.095
) j
t { 1.79 ii
i i 0.194 i 0.225\ ! - 0.86
iii
i n ! 0.217 | 0.400 - I! 1 0.57
t
i
i t 1
i i 0.242 i 0*625
i tt 11 " s 0.39
it}
!• i 0.250 : 0.710 i ” ! 0.35 fiiJ ! 1  -4----- - --- 1 1
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TABLE 31
of r«/»
^in xyj
acid solutions of constant aqueous acidity.
Extraction of uranium by solution lene from hydrofluoric
I—
1
H3 O t> 
|
O m a W a
1 Free1
[toa]0
K
j U
ti
0.023M 3.34M
1
3o07ml
'
3.50mM 19.9mM
i
i
| 0.88 
j
0.021 tt 2.90 3.58 18.1 I 0.81
I
0.018 tt 2.62 5.94 15.4 ! 0.67
}
0.016 t» 2.92 4.06 13.5
2
j 0.62
0.014 „ 2.27 4.20 11,7 0.54
0.012 1.92 4.53 10.1 j 0.42
0.009 " 1.64 4.76 7.4 j 0.34
0.007 „ 1.52 4.92 5.5 j 0.31
i
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TABLE 32
Extraction of uranium by solutions of TOA in xylene from solutions 
of hydrofluoric acid containing sodium fluoride.
[NaE]A = 0.80M.
Total
[toa]q
•=4
i—
i
£4w1—1 M o
■
......  2
1
0.02314 0.20M
,.. . .
5.90mM 1.18mM |
j
5.00 j
0.021 »t 5.71 1.28 j 4.46
0.018 » 5.61
l
1.51 j 3.72 |
0.016 n 5.36 1.76 j 3.05
0.014 it 5.17 1.93 1 2.68
0.012 n 4.95 2.1S ! 2.27
0.009 ff 4.31 2.77 1.57 j
0.007 - I 3.54 3.55 ! 1.00
u*
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